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1.  INTRODUCTION 


1 . 1 HackfiLiiuod 

The  design*  development  and  production  of  missiles  to 
cover  a range  of  presently  defined  missions  with  the  capability 
of  being  upgraded  to  accomodate  changing  threat  situations  and 
advancing  technology  without  major  redesign*  stresses  the  need 
for  more  modular  guidance  and  control  electronics  possessing  both 
physical  and  electrical  flexibility  features  at  lowest  cost. 

Figure  1 illustrates  the  functional  complement  typical  of 
air  to  air  m issi I es. 


! COHMAD  ! 

; u**  ; 
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Figure  1»  On-Board  Missile  Guidance  and  Control  System 
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In  the  previous  study  phase*  (Ref*  R-l)t  programmable 
digital  techniques  Mere  shown  to  offer  Improved  performance  and 
greater  flexibility  than  the  traditional  hardwired  analog 
Implementations  of  seeker  head  control*  estimation*  guidance  and 
autopilot  functions. 

To  achieve  modularity  and  growth  in  hardware  and  software 
a top-down  system  study  approach  has  been  adopted  by  first 
dividing  the  entire  range  of  air  to  air  missiles  into  a set  of 
distinguishable  generic  classes/  including  upper  and  lower 
performance  boundaries  within  each  class*  then  by:  defining  the 

major  functions  and  data  rates  amenable  to  digital  processing* 
determining  their  constituent  software  modules  and  sizing  these 
in  terms  of  computer  throughput  and  memory  requirements* 

Such  a modular  breakdown  of  on-board  missile  guidance  and 
control  functions  together  with  their  associated  interfaces* 
provided  the  option  of  configuring  and  evaluating  either  single 
or  multiple  f eder ated/ d I str ibuted  computer  system  implementations 
according  to  the  design  constraints  of  a given  missile* 

1 • 2 QbJ  AXLtiXfiS-ADd-iLiipe. 

Tne  objectives  and  scope  of  the  Phase  JI  study  under 
contract  NQQ014-75 -C-0549 * as  definad  In  tha  Statament  of  Work* 
are  as  f o I lows : 
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To  investigate  the  feasibility  of  a modular  digital 
guidance  system  to  Navy  air-to-air  missile  applications  by: 

a)  Analyzing  for  digital  Implementation  in  all  classes 
of  air-to-air  missiles  the  functions  of  seeKer  signal 
processing  for  both  infrared  1 1 R > and  radar  type 
seekers*  warhead  fuzing*  mode  control  and  telemetry. 

b) ‘  Performing  a simulation  analysis  to  confirm  computer 

requirements  and  relate  algorithm  complexity  to 
performance  improvements  for  the  guidance* 
estimation*  autopilot/control  functions  as  defined 
under  contract  N00014-74-C -0056 • 

cl  Updating  the  computer  requirements  per  generic  class 
of  air-to-air  missile  based  upon  the  results  of  (a) 
and  (b)  above. 

The  Intention  of  the  above  being  to  conclude  the  major 
function  analysis  work  started  in  the  first  phase*  (contract 
N0DD1 4-7A-C -00  56 1 thereby  defining  the  total  practical  digital 
processing  and  control  requirements  for  each  generic  class  of 
missile  and  prov Idlng/ identifying  continuity  and  commonality 
features  across  the  entire  spectrum  of  air-to-air  missiles. 
Further*  since  the  Phase  1 study  resulted  in  the  definition  of 
Improved  estimation*  guidance  and  autopilot,  algorithms  compared 
to  the  more  simple  analog  counterparts*  simulations  ware  required 
to  ascertain  the  degree  of  performance  improvement  as  a function 
of  complexity  from  a computer  load  aspect. 


Early  In  the  Phase  II  study  it  became  evident  that 
greater  emphasis  should  be  placed  on  the  definition  of  compatible 
computer  hardware  and  software  characteristics  to  achieve  more 
timely  visibility  in  this  critical  area.  In  response  to  a 
request  by  the  Navy  Scientific  Officer  a revised  program  plan  was 
developed  and  presented  at  OMR . The  revised  study  plan  was 
formally  approved  by  OMR  on  29  May  1975,  confining  the  simulation 
analysis  work  to  a Class  II  missile  with  three  degrees  of  freedom 
and  Initiating  more  comprehensive  computer  hardware  and  software 


studies  in  June  1975 


2.  SUMMARY  AND  CQNCUtSJONS 


As  a resalt  of  completing  the  functional  analyses* 
qualifying  performance  Improvements  versus  digital  processing 
capacity*  and  defining  compatible  hardware  and  software  features 
tor  effective  modular  digital  guidance  and  control*  the  following 
significant  results  and  conclusions  can  be  stated: 

1.  Modular*  programmable*  digital  guidance  is  feasible* 
affords  performance  improvements  and  provides 
flexibility*  modular  expansion  and  system  updating 
without  major  redesign. 

2.  A family  of  ten*  major  computer  function  elements* 
hybrid  large-scale-integrated  (LSI)  circuit 
oacxoDQilJLiles * in  various  configurations*  using  a commom 
bus  interface*  will  support  the  entire  range  of 
air-to-air  missile  functions. 

3.  Radar  sensor  signal  processing  dominates  the  throughput 
requirement  and  can  be  supported  by  an  "optimised" 
central  processing  unit  (CPU)  macromodule  incorporating 
either  hardware  multiplier  or  two-point*  complex 
transform  arithmetic  unit. 

. Federated/distributed  microcomputer  systems  provide  the 
the  best  match  of  missile  functions  with  computer 
capability*  providing  desired  subsystem  autonomy  for 
modular  design*  manufacture*  assembly*  test* 
maintenance  and  subsequent  modification  without  system 
disrupt  ion. 
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5.  Missile  guidance  and  control  systems  readily  partition 
into  four  autonomous  and  asynchronous  functional  groups 
for  moduiarf  federated  computer  systems: 

a.  Steering  command  generation  (signal  processing! 
estimation  and  guidance). 

b.  Missile  stabilization  and  control  (autopilot  and 
iner  t ia  I reference) • 

c.  Seeker  stabilization  and  control  (tracking  and 
stab i I izat i on) 

d.  Support  functions  (fuzing  and  telemetry) 

6.  Serial  digital  multiplex  as  defined  in  M I L-STO-1 553 » 
provides  an  optimum  interface  between  missile 
subsystems/computers  and  carrier  aircraft  avionics. 

7.  Unified  software  system  using  one  high-order-language 
for  system  simulation  and  missile  computer  code 
generation  together  with  structured  design  and 
modularity  minimize  software  cost  and  risk. 

The  findings  of  the  individual  study  tasks  are  discussed  in 
greater  detail  in  the  following  paragraphs. 


2.1  huQ£lj.Qnal-Aaai^sis 


LaLg&t.^&QsiLLs  - Digital  signal  processing  and  node  control 
requirements  for  target  sensors  of  the  radar,  ant i -r adi a t i on- 
missile  (ARM)  and  infra-red  (IR)  types  have  been  determined. 

Semi-active*  continuous-wave  ( S A — C W ) * semi-active  pulse 
doppler  (SA-PO)  and  active  pulse  doppler  (A-PD)  radars  use 
digital  processing  to  the  greatest  advantage.  The  inherent 
opt i cal /ana  log  orocessing  in  IR  sensors  limits  digital  processing 
to  mode  and  logic  functions.  The  wide  bandwidths  and  short  pulse 
widtns  processed  in  ARM  sensors  are  more  efficiently  done  in  the 
analog  domain.  Digital  mode  control  is  only  used  for  ARM 
sensors . 

Radar  d gital  processing  consists  of  spectrum  analysis*  via 
oiscrete  Fourier  transform  techniques  and  the  fast  Fourier 
transform  (FFT)  algorithm,  detection  (thresholding  and 
integration),  range,  doppler,  angle  extraction  and  mode  logic. 
Taoie  1 summarizes  the  nominal  digital  processing  requirements. 
Ine  raaar  design  parameters  arn  specified  in  Section  4. 
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T A b L E 1 


k AO A^  SENSOR 

PROCESSING 

RFQU1REM ENTS 

PAKAMETt R 

SA-CW 

RADAR  TYPE 
SA-PD 

A-PD 

A-L) 

Conversion  Kate  (KHz) 

A c q u i s i t ion 

25.6 

128 

256 

T r acK 

19.2 

32 

32 

FF  T 

Size  (No.  ot  points) 

69 

69 

69 

- F F 1 

L PDI  Throughput  (flops) 

2 

10 

20 

*GP 

Throughput  (Kops) 

60 

300 

950 

N □ r E 3 : *See  Section  7.  Table  70  for  redistribution  of  FFT/PD1 

vs  0 v throughputs  to  match  performance  of 
state-of-the-art  computer  architectures. 

The  docpler  resolution  process  with  FFT  and  post  detection 
integration  (PCI)  dominate  the  throughput  r equ I r enen ts » requiring 
2 to  20  million  instructions  per  second  which  is  supportable  by  a 
genera l-purposfe  (oP)-.ype  computer  architecture  using  a hardware 
multiply  or  t«o  point  transform  arithmetic  module  in 
sjppor t/p lace  of  the  normal  GP  computer  arithmetic  and  I09IC 
unit.  oat  a extraction  (range,  doppler,  angle)  mode  logic  are 
accomplisneo  in  a conventional  general-purpose  computer 
configuration  *nich  may  be  shared  with  other  functions  such  as 
guiuance  ana  estimation. 


LuzlDfl  * Three  fuze  types  are  identified  as  appropriate  to 
air-to-air  missiles.  These  are: 

TABLE  2 

FJZE  TYPES  vs  MISSILE  CLASS 

FJZE  TYPE  MISSILE  CLASS 

1 II  III 

Semi-active  CM  XX 

Active  Radar  X X 

Active  Lptical  X 

The  greatest  impact  of  di9lta!  processing  is  in  the  timing 
of  the  firing  command  to  the  safing  and  arming  (SEA)  device.  The 
jse  of  sophisticated  timing  algorithms  using  dr ta  from  the 
estimator  function  permits  improved  fuze  performance.  The  Impact, 
on  processing  is  minimal  ranging  from  L to  25  Kops  and  up  to  250 
words  of  memory. 

doda.Caoltoi  - Mode  control  is  the  selection  and  execution 
of  a specific  set  of  missile  control  functions  (e.9*»  seeker 
control v estimation*  guidance*  etc)  in  each  mode  of  missile 
operation  ie.g.#  test*  initialize*  launch*  target  acquisition* 
midtourse*  terminal  etc).  This  type  of  mode  control  Is  more 
applicable  to  the  single  computer  missile  system  where  all 
missile  functions  must  be  executed  sequentially.  A hierarchical 
structure  is  used  where  calls  are  made  downward  from  the 
executive  to  subordinate  program  modules  to  select  and  execute 
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the  functions  pertinent  to  the  active  node*  Individual  aode 
supervisors  select  all  functions  and  utility  program  Modules 
involved  in  the  particular  aode.  Mode  control  Is  a alnor  load  on 
computer  throughput  and  memory.  Maximum  values  are  S3  Kops  and 
630  words. 

Ifilaaalix  - Teleaetry  Is  a data  gathering  and  formatting 
process,  it  overlays  all  other  functions  and  must  not  Interfere 
with  system  operations.  In  a digital  missile  all  data  to  be 
telemetered  is  available  In  computer  memory  normally  for  use  by 
the  major  functions#  If  not#  It  is  brought  In  through  the 
input-output  (I/O)  interface.  Serial  transmission  using  pulse 
code  modulation  is  normally  used.  Telemetry  data  rates# 
throughput  and  memory  required  are  indicated  In  Table  3. 

TABLE  3 

TELEMETRY  REQUIREMENTS 


MISSILE  CLASS 


parameter 

I 

II 

in 

Serial  Bit  Rate  1 kt>  I ts/secl 

12 

26 

60 

Throughput  (Pops) 

16 

32 

32 

Memory  (words) 

100 

no 

120 

lasl  - Readiness  tests  In  a digital  missile  are  conducted 
oy  test  program  modules  in  the  missile  computer(s)  in  response  to 
the  launch  aircraft  test  inputs  via  the  digital  umbilical.  Tests 
are  executed  as  off-line  functions  without  severe  timing 


34 


1 
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i 

♦ 
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constraints  ?n< j with  memory  requirements  being  the  chief 
consideration.  Testing  Includes  each  missile  computer*  all 
function  programs*  I/O  interfaces*  telemetry  and  the  seeker  and 
missile  control  servos.  In  single  computer  systems*  testing 
requires  an  operating  computer.  For  federated  systems  the 
a v i on i cs-m i ss i I e test  command  is  distributed  to  each  subsystem 
computer.  A total  of  12  test  modules  are  defined*  divided  Into  3 
categories*  computer  self  test*  interface  test  and  subsystem 
test.  Memory  requirements  are:  Class  1*  360;  Class  II*  450; 

Class  ill*  700. 


2.*  B&LluiDauce_jraLSLLs_ExocessiD0 

In  designinq  digital  missiles  information  is  needed  as  to 
tne  improvements  in  performance  (miss  distance*  and  signal  to 
noise  ratio  (SNR)  for  target  acquisition)  that  art  achieved 
through  increasing  digital  processing  capacity  (computer 
throughput*  sampling  rates).  Performance  processing  summary 
tradeoff  resulti  are  shown  in  Figures  2 and  3. 


Guidance  miss  can  be  reduced  by  increasing  the  guidance 
acceleration  command  update  rate*  ( f^,  ) and/or  increasing  the 

complexity  of  estimation  and  guidance  algorithms  used*  as 
indicated  in  Figure  ^ at  the  expense  of  increased  computer 
throughput.  Relative  to  the  throughput  requirements  of  other 
functions  (signal  processing,  autopilot)*  guidance  and  estimation 
throughpjt  is  modrst  so  that  If  terminal  accuracy  is  of  prime 
importance*  the  use  of  higher  guidance  sampling  frequencies  and 
salman  filters  ICIjss  II  i III)  are  indicated. 
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Figure  2 RHS  Hiss  Distance  vs  Estimation  and  Guidance 
Coeputat l onal  Throughput 


0 tQ  to  SO 

pt ocetv**  T*tOU*»PUT  (Mf) 


h9un  > Re^uiisd  SNR  tor  Target  Acquisition  vs  Digits! 
Signal  Processing  Throughput 


Similarly  target  sensor  acquisition  performance  can  be 
improved  through  increased  digital  processing.  Figure  3 shows 
the  reduction  in  SNR  required  for  acquisition  achieved  by 
increasing  the  number  of  range  gates  and  FFT  points  ussd  to  cover 
the  initial  range -dopp l e r target  uncertainty.  Throughput  in  the 
digital  signal  processing  computer  elements  increases 
accordingly.  The  SA-CW  sensor  requires  the  lear.t  SNR  and 
throughput  since  it  is  resolving  in  doppler  only.  However 
pu I se-dopp  I e r sensors  which  resolve  in  both  range  and  doppler 
perform  better  in  a clutter  environment  generally  so  that  they 
are  used  in  Class  11  and  111  missiles.  Note  that  the  throughput 
for  signal  processing  is  substantially  greater  (Hops)  than  for 
guidance  and  estimation  (Kops)  so  that  firmware  algorithms  and 
higher  speed  arithmetic  hardwarev  i.e.,  hardware  multiply  or 
two-point  "butterfly"  FFT  arithmetic  modules  are  required. 

I . 3 Ca&£Ulfi!._lfiflUiL£iD£0lJS 

The  analysis  of  functional  requirements  and  tradeoff  of 
performance  versus  processing  load  yields  a set  of  computer 
requirements  for  the  tnree  generic  missile  classes. 

Tnrougnput  in  t?rms  of  thousands  C K ) or  millions  (M)  of 
operations  per  seconds  fops)  are  summarized  in  Figjre  4. 
Throughput  is  computed  over  the  time  intervals  allowed  for  each 
function,  being  either  in  a critical  (time  limited)  path  or 
multiplexed  over  a major  computing  interval. 
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Figure  <♦  Throughput  Requirements  by  Function  and  Generic  Class. 


Signal  processing  required  for  target  detection9 
acquisition  and  track  is  shown  separately  from  the  more 
g^ner  al -purpose  load»  since  FFT  and  PDI  would  be  implemented 
using  Cdj  macromodules  optimised  for  these  functions.  By  proper 
allocation  of  the  total  allowable  computing  time  delay  for 
steering  command  generation  between  the  FFT/PD1  functions  and  the 
otner  signal  processing  estimation  and  guidance  c omputat l ons » a 
Balance  in  computing  load  is  achieved  to  match  the  performance 
capabilities  of  more  special-purpose  versus  general-purpose 
computer  configurations.  Both  the  special  and  general-purpose 
computational  loads  are  maintained  nearly  constant  over  both 


modes . 


, 


Total  memory  required  per  class  is  shown  in  Figure  5*  The 
major  memory  driver  is  radar  signal  processing  involving  data 
buffering  for  FFT  and  PDI  functions  in  all  classes.  Program 
memory  requirements  for  estimation  and  autpilot  functions  are 
significant  for  the  Class  111  missile. 


In  addition  to  memory  and  computational  throughput, 
requirements  are  established  on  sampling  rates»  allowable  delays 
and  precision  ( quant  i zat  i on ) . Table  <*  lists  the  minimum  sampling 
rates. 
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TABLE  A 


DATA  SAMPLING/UPDATE  RATE  REQUIREMENTS 

MISSILE  CLASS 

FUNCTION  I II  III 


b i g na  I Processing  ( 1 > 

acquisition  12)  IKrtz) 

1 racK  ( 2 ) (Khz) 

$ ee  ke  r Tracking 
Estimation  L Guidance  (Hz) 

Seeker  Stabilization  (Hz) 

A u t o p i lot 

Rate  Loops  (Hz) 
Accelerometer  loops  1Hz) 

G a i ns  ( Hz ) 

l ne  r t i a I Ref  er ence 
A 1 1 i tude  ( Hz  ) 

Position  and  Velocity  (Hz) 
Aerodata  Estimation  (Hz) 

HILL  l 

i 1 ) Radar  sensor  s . 

( ? ) Composite,  multi'  lexed  A-C 


25 

128 

25b 

20 

32 

32 

10-20 

10-30 

rv 

O 

1 

O 

250 

250-500 

500 

250 

500 

500 

125 

250 

2.50 

5 

10-20 

20- 

N/A 

100 

100-500 

N/A 

20 

20-250 

N/A 

20 

20-100 

conversion  of  all  channels. 
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Two  critical  computational  delay  requirements  are 
estaolisned.  One  is  the  elapsed  time  from  receipt  of  one  burst 
of  data  from  the  target  sensor  and  the  update  of  the  guidance 
command.  This  time  delay  Is  limited  to  20-40  msec  depending  upon 
missile  class  and  intercept  scenario,  the  shorter  times  required 
tor  Class  111*  highly  maneuvering  targets  and  higher  altitudes 
and  closing  velocities.  The  second  critical  delay  is  in  the 
closure  of  the  autopilot  rate  stabilization  loop  and  tne  seeker 
stabilization  loops  not  less  than  600  sec  for  Classes  11  and  111 
and  bOO  sec  for  Class  1. 

Precision  of  conversion  and  computation  are  established  by 
accuracy,  dynamic  range  and  stability  considerations. 

For  conversion  of  analog  receiver  data  generally  8 to  12 
bits  is  required  to  preserve  signal  to  noise  ratio.  For 
estimation,  particularly  the  time  variable  Kalman  Filters, 
floating-point  computations  with  mantissa  lengths  of  at  least  12 
bits  are  required.  For  autopilot  and  seeker  stabilization  loops, 
16  bits  of  fixed-point  precision  is  required  to  maintain 
stability  ana  accuracy  of  compensating  network  pole  and  zero 
I o c a i i o ns  . 

2 .4  Lfifofluifci-daxdnaLa.aod-ixillMax.© 

uigital  missile  functions  are  fully  supported  through  the 
use  of  a modular  family  of  computing  elements,  called 
macromodules,  which  can  be  combined  via  a standarizeo  interface 
to  form  computers  of  various  capacities  and  functional 
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capability.  Ten  basic  ma c r omodu I e s defined  in  Table  5 have  been 
identified  from  digital  missile  requirements  which  cover  the 
soectrum  of  applications.  From  these  basic  modules,  a variety  of 
computers  can  be  configured.  Six  com f l gur a t i ons  which  cover  the 
range  of  missile  classes  and  functions  are  shown  in  Figure  6. 

in  terms  of  software,  the  emphasis  has  shifted  from  "tight" 
assembly  language  coding,  used  to  minimize  bulKy  magnetic  core 
memory  space  and  conserve  throughput,  to  lower  software  cost  for 
design,  coding,  verificaton  and  maintenance/updating.  The  latter 
has  spurred  the  need  for  a commom  higher-order  language  and 
structured,  modular  software  design,  to  achieve  simplicity  and 
visiblity  in  tne  coding  process  and  machine  independence  for 
portability  and  re-use  of  proven  programs  and  program  modules. 

Conservation  of  throughput  and  memory  space  has  been 
de-emphas i zed  tnrough  the  availability  of  hlgh-density, 

\\  r qe-nta  I e- i n tegr  ;\  tod  (LSI)  now  it  onduc  tor  circuits,  which  tend 
to  absorb  the  ineffiiiencies  of  HI  It -gene  rated  programs  in  terma 
of  size*  -/eight,  power  and  cost  penalties. 

Figure  7 illustrates  a recommended  unified  approacn  to 
missile  simulation  and  tactical  software  development  using  a 
common  high-order  language  and  host  computer.  Code  written  for 
simulating  guidance  and  control  functions  is  also  used  by  a 
cross-compiler  to  generate  object  code  for  the  missile  computer. 
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3.  MODULAR  DIGITAL  GUIDANCE  AND  CONTROL 

with  the  rapid  Improvements  In  digital  technology  the 
concept  of  missile-borne  digital  processing  and  control  to 
acnieve  improved  performance  and  flexibility  in  design  and  growth 
evolution  becomes  very  attractive*  Small,  modular  digital 
computers  having  considerable  computing  power  can  perform  the 
variety  of  functions  required  of  tactical  air-to-air  missiles 
more  efficiently  and  effectively  than  conventional  analog 
technology*  Figure  8 shows  the  type  of  functions  which  can  be 
performed  digitally  as  determined  by  the  Phase  1 and  Phase  II 
study  programs. 


Figure  tt  Missile-borne  Digital  Processing  and  Control 
Functions  and  System  Interfaces 
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Digital  techniques  offer  flexiblity  through  the  use  of 
on-line  software  control  that  can  be  more  rapidly  altered  to 
accomodate  different  missile  configurations*  sensors*  control 
mecnanisms  and  mission  requirements.  Arithmetic  and  logic 
ability  and  memory  provide  a capability  to  perform  certain 
functions  more  accurately.  Digital  techniques  can  also 
accomplish  other  functions  such  as  time  variable  estimation  and 
guidance*  adaptive  autopilot  control*  digital  signal  processing 
and  electronic  counter -counte r measures  (ECCM)  logic  which  cannot 
be  performed  easily  or  at  all  with  analog  techniques. 

In  addition  to  improved  performance  and  greater 
functional  capability*  the  digital  implementation  of  missile 
guidance  and  control  systems  offers  the  means  of  providing  a 
flexible*  modular  approach  to  missile  system  design.  A single* 
easily  expandable  minicomputer  or  a federation  of  several 
microcomputers  of  standard  design  can  replace  much  of  the  present 
distributed  hardware  which  composes  the  missile  guidance  and 
control  system.  As  Figure  d illustrates*  a digital  computer 
system  can  replace  seeker  head  control  electronics*  orocessinc  of 
baseband  signals  from  target  sensors*  guidance  electronics* 
fu/ing  and  autopilot  control  circuitry. 

A standardized  interface  between  missile  subassemblies/ 
sections  and  avionics  ci  the  carrying  aircraft  is  a natural 
character ist  ic  of  digital  implementations. 
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Exploitation  of  tne  inherent  flexibility  of  digital 
processing  and  control  leids  to  the  concept  of  modularity  and  its 
practical  application  to  the  continual  process  of  technology 
transfusion  into  operational  missiles  and  hence  the  use  of  a 
standardized,  modular  comouter  family  for  all  classes  of 
a i r-to-a i r missiles. 

in  addition  to  the  innerent  advantages  of  digital 
processing  citeu  above,  multipurpose,  modular  digital  processing 
in  tacticai  missiles  should  ^rove  more  cost-effective  than 
present  hardwired  configurations. 

Tne  a^ove  features  of  digital  missile  guidance  and 
control  are  discussed  at  greater  length  in  the  following 
paragraphs,  witn  the  remaining  subsections  devoted  to:  an 

overview  of  the  major  functions*  the  classification  of  air-to-air 
missile  types  and*  lastly*  digital  system  design  considerations 
which  are  fundamental  to  both  single  and  federated/distributed 
computer  system  implementations. 

3.1  Qiaila±_xa_Aaaloa_i*al£ms 

In  view  of  the  parallel  improvements  evidenced  in  both 
anai09  and  digital  circuit  technology*  the  question  is  raised  as 
lo  tne  advantages  of  digital  versus  analog  system  implementations 
in  missile  guidance  and  control. 

The  following  paragraphs  summarize  the  flexibility* 
growth*  interface*  performance  reliability  and  cost  features  of 
digital  versus  analog  mechanizations  for  the  guidance  and  control 
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functions  analyzed  In  the  Phase  I and  Phase  11  studies.  It  can 
be  seen  that*  wnere  practicable*  (based  on  the  results  of 
function  partitioning  trade-off  studies)*  programmable  digital 
processing  and  control  meets  the  overall  system  design  goals  more 
effectively  than  alternative  analog  techniques. 

3.1.1 

Ua3ixm_Lhauaas  - A modular  digital  approach  accommodates 
design  changes  throughout  all  phases  of  the  weapons  system 
life-cycle.  These  changes  can  arise  from  both  redesign  during 
the  ROT  L E phase  and  evolutionary  growth  tnereafter.  Redesign 
may  be  needed  tc  correct  deficiencies  Identified  during  test* 
accomodate  specification  and/or  interface  changes  or  to  Improve 
pr oduc i b i I i t y • Evolutionary  growth  provides  capability  to 
perform  new  missions  and  counter  new  threats. 

LyoliilianaLx^aXAMih  - Evolutionary  growth  also  occurs  as 
the  fruits  of  new  technologies  become  available  for  incorporation 
into  existing  missile  systems.  The  availability  of  new  sensors* 
and  better  signal  processing  and  guidance  techniques  can  improve 
the  performance  of  existing  weapons.  Replacement  of  conical  scan 
processing  with  monopulse  processing  can  provide  Improved 
acquisition  performance  and  electronic  counter  measures  (ECH) 
invulnerability  as  does  fast  Fourier  transform  signal  processing 
instead  of  sweeping  velocity  gate.  Variable  bandwidth  filtering 
and  optimal  guidance  provide  a significant  increase  In  missile 
performance  against  maneuvering  targets.  Both  FFT  processing  and 
optimal  guidance  require  digital  processing  techniques. 
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Digital  techniques  reduce  the  problems  resulting  from 
product  growth  as  shown  in  Table  6.  For  example,  when  a new 
sensor  is  mace  available,  the  conventional  design  approach 
requires  that  not  only  the  sensor  be  replaced  but  the  processing 
circuits  that  support  it  also  be  replaced.  Replacing  the  sensor 
processing  circuits  requires  a complete  hardware  development 
cycle,  with  an  equally  severe  impact  on  logistics. 

Both  the  original  sensor  and  processing  circuits  would  be 
thrown  away.  New  test  procedures  and  new  or  modified  test 
equipment  would  be  required  as  well  as  added  personnel  training. 
The  new  analog  modules  woulo  then  have  to  be  reintegrated  with 
the  existing  analog  modules,  and  aach  weapon  configuration  using 
tne  new  modules  would  require  modification  to  the  Interface 
equipment  with  the  various  carrying  aircraft. 

using  a modular  digital  approach  cifers  a much  simpler 
and  more  economical  introduction  of  new  technology.  Only  tne 
sensors  woj I d have  to  be  replaced  and  the  computer  program  memory 
modules  would  reprogrammed  requiring  only  a software 
development  cycle.  In  terms  of  logisltlcs,  only  the  sensors  are 
thrown  away  since  the  processing  function  resides  in  the  new 
software.  it  is  not  likely  that  modification  to  the  test 
equipment  would  be  required  nor  would  additional  personnel 
training  oe  required.  There  would  be  no  impact  on  integration, 
eitner  within  tne  various  modules  or  between  weapon  configuration 
and  tne  carrier  aircraft. 
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TABLE  6 


SYSTEM  GROWTH  IMPACT 

analog  vs  digital  implementations 


CONVENTIONAL  DESIGN 


MODULAR  01 G I T At.  APPROACH 


o REPLACE  SENSORS 
0 REPLACE  PROCESSING 

o Develop  net*  algorithms 
o Design  new  circuits 
o Fabricate  new  hardware 
o LOGISTICS 

o Throw  away  sensors  and 
processing 

o Design  new  test  procedures 
o Modify  test  equipment 
o Train  personne  I 
0 INTEGRATION 

o Modify  nodule  to  modulo 
integration 

o Modify  weapon/aircraft 
tntegrat ion 


O REPLACE  SENSORS 
O REPROGRAM 

o Develop  new  algorlthss 
o Design  new  program  modules 
o Reprogram  digital  processor 
o LOGISTICS 

o Throw  away  sensors 
o Update  test  procedures 


o INTEGRATION 

o No  Impact 


In  summary,  the  flexibility  needed  to  accomodate  the 
above  changes  Is  best  achieved  in  a digital  Implementation  using 
a standardized  macro-modular  building  block  approach  to  digital 
Modular,  application-oriented,  software 


computer  design 


subroutines  Mould  -e  developed  concurrently  with  the  hardware. 
3.1.2  £ys.l&jn_lnia£  1 acfta 

Modular  weapons  can  be  launched  from  significantly 
different  launchers  and  launch  vehicles  and  contain  a wide  range 
of  functional  options.  Analog  implementations,  while  providing 
modifiable  system  and  matching  the  weapon  to  the  mission*  yield 
problems  of  almost  unmanageable  proportions  in  integration* 
training*  maintenance  and  logistics. 

Current  launch  aircraft  umbilicals  for  example*  contain 
discrete  analog  and  digital  interfaces  with  dedicated  cockpit 
controls  and  displays.  Analog  integration  is  inflexible  and  even 
if  accomplished  does  not  remove  the  interface  burden  from  future 
advances  in  technology. 

Analog  integration  between  modules  Is  similarly 
inflexible  and  imposes  severe  constraints  when  minimizing  cost 
and  complexity.  Each  module  must  contain  additional  hardware  to 
satisfy  a common  interface.  The  additional  hardware  adds  to  the 
cost  of  the  modules.  The  management  and  control  of  the  common 
interfaces  adds  to  the  complexity  of  the  system  design. 

As  technological  advtnces  and  performance  improvements 
become  possible*  inflexible  common  interfaces  delay  the  early  use 
of  these  advances.  Cost  tradeoffs  have  always  resulted  in 
maklng-do  w i tn  already  acquired  hardware  because  of  the  cost  and 
complexity  of  adapting  to  rigid  interfaces. 


Modular  digital  techniques  can  solve  the  problems 
outlined  above  and  provide  the  desired  flexibility  at  a 
reasonable  cost.  A single  family  of  digital  macrofunction 
modules  Mill  support  the  requirements  of  shorty  medium  and 
long-range  air-to-air  weapons  as  well  as  surface-to-air  and 
a I r-to-sur f ace  missions. 

3.1.3  lxsi£a-££ii&uian£a 

Digital  processing  provides  inherent  performance 
capabilities  not  available  in  analog  circuitry  as  described  in 
the  following  paragraphs. 

ttamax,*  - Modular  digital  memories  of  256/51 2/1024/2048 
6-bit  words  per  large-scale  integrated  circuit  package  provide  an 
accurate  means  of  storing  programst  real-time  data  and  constants 
e.g.v  radome  compensation  data , missile  aerodynamic  datav  and 
calibration  data.  These  data  may  be  applicable  to  all  missiles 
of  a given  type  e.g.»  aerodynamic  data*  or  may  reflect  individual 
component  characteristics  such  as  the  g-sensktive  drift 
coefficient  for  eacn  gyro  on  a missile. 

ALilbA&llc  - While  addition  and  subtraction  have 
straightforward  analog  imp  I ementat i ons » multiplication  and 
division  require  complex  circuits  which  are  subject  to  drift  and 
inaccuracy  and  are  generally  avoided  If  possible.  Digital 
processors  have  inherent  high-speed  add/subtract/mu  I tiply/dlvlde 
capabilities  which  provides  the  means  of  generating  complex 
functions  such  as  the  trigonometric  functions  used  in  coordinate 
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transformations.  The  arithmetric  capability  can  also  be  used  to 
generate  recursive  equation  solutions  thus  providing  a digital 
filtering  and  estimation  capability  as  well  as  fast  Fourier 
transform  capability. 

* The  dynamic  range  of  analog 

components  (e.g.*  operational  amplifiers)  is  generally  limited  to 
10  in  a laboratory  environment.  Under  military  environmental 
extremes  this  can  degrade  to  LO  or  less.  A digital  processor 
can  provide  greater  precision  and  dynamic  range  through  the  use 
of  either  a large  computer  word  size  or  a shorter  word  length  and 
double-precision  arithmetic.  A 16-bit  machine*  for  example*  has 
a 3x10  dynamic  range  for  single-precision  operations  and  ZxlO 
for  double-precision  operations.  Calculations  in  a digital 
processor  are  drift  free  and  immune  from  the  usual  analog  noise. 
As  a result*  high  accuracy  can  be  achieved  in  the  long  term 
integration  operations  used  in  inertial  reference  functions. 

This  targe  dynamic  range  is  also  needed  for  range  calculations 
and  for  the  nonlinear  matrix  equations  used  in  filter 
calculations.  Dynamic  range  can  be  made  virtually  unlimited  by 
tne  addition  of  floating-point  arithmetic  to  the  processor. 

Logit  - Logical  operations  are  inherent  in  a digital 
processor.  in  typical  analog  missiles*  arithmetic  logic  and 
switching  functions  are  distributed  among  several  circuits*  each 
performing  an  individual  function.  A digital  processor 
time-shares  one  arithmetic  and  ioyical  circuit/unit  under  program 
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Enhanced  functional  capability  can  be  obtained  through 
digital  signal  processing  and  control  techniques  not  available 
generally  via  other  implementations.  The  specific  enhancements 
in  performance  obtainable  with  digital  techniques  are  discussed 
for  each  major  system  function  in  subsection  3.2.1  through  3.2.8. 

3.1.4  ^ysl£jn_Reliablllly»aiid_l£<al 

The  digital  implementation  of  missile  functions  provides 
improved  reliability  compared  to  analog  systems.  Digital  devices 
which  use  saturated  logic  have  inherently  higher  reliability  and 
noise  immunity  with  less  temperature  and  vibration  sensitivity 
than  analog  devices.  The  execution  of  guidance  and  control 
functions  in  digital  processors*  using  h I gh-dens i ty * 
semiconductor  circuits*  achieves  a significant  reduction  in  parts 
counts  and  circuit  connections  which  in  turn  provides  a more 
reliable  system  compared  to  multiple*  single-function*  analog 
circuit  implementations. 

Tne  testing  of  digital  computer  systems  Is  simplified  by 
tne  use  of  built-in-test  routines  In  each  computer  memory. 
Computer  and  subsystem  tests  can  be  performed  with  fault 
isolation  to  botii  line  and  shop-r  ep  I aceab  le-un  1 1 levels. 

3.1.5 

Tne  use  of  multipurpose  digital  processors  In  missile 
systems  should  result  i r lower  development*  test*  production  and 
life  cycle  c ost • 
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U£^£l£aa£<Q£~LQ2l  - During  the  development  cycle  nunerous 
design  changes  occur.  The  cost  is  minimized  if  the  changes  are 
in  modular  software  as  opposed  to  analog  hardware*  Further 
savings  accrue  through  the  use  of  a unified  common  software 
operating  system  for  the  entire  modular  computer  family. 
Development  cost  of  the  processor  hardware  is  reduced  by 
building-  up  functional  capability  fiom  a family  of  macrofunction 
computer  modul es. 

£ Lad ua±inn_ Cast  - Reduced  production  cost  can  be 
anticipated  from  the  use  of  a family  of  macro-modular  digital 
processors  for  missiles.  Savings  accrue  from  the  use  of  commonv 
large-scale  i n teg  rated -c i r cui t » macrofunction  modules* 

I hybr i d/mono  I i tn i c ) * across  a broad  range  of  missiles  thus  taking 
advantage  of  the  savings  inherent  in  high-volume  production. 

These  modules  would  use  mainly  M I L-qua I i f \ ed  versions  of  proven 
commercial  semiconductor  products  which  minimizes  risk  and 
ensures  delivery  through  multiple  procurement  sources. 

Liie_£*ala_Losl  - The  higher  reliability  and  Inherent 
standardization  of  parts  in  digital  missile  implementations 
should  esuit  in  lower  maintenance  costs.  Similarly*  a common 
software  operating  system  reduces  the  cost  of  training  operating 
and  maintenance  personnel.  Both  of  these  factors  reduce 
life-cycle  cost. 

Further*  the  availability  of  a computer  inside  the 
missile  provides  ready  access  to  all  sensor  and  actuator  points 
and  greatly  simplifies  tho  missile  test  equipment.  The  cost  of 
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capital  equipment  and  testing  of  the  missile  in  the  factory  and 
in  the  field  Mill  therefore  be  reduced*  The  number  of  physical 
nominals  which  need  to  be  adjusted  Mill  also  be  minimal,  since 
many  of  them  have  been  absorbed  into  the  computer  memory* 

The  functions  and  interfaces  which  comprise  a tactical 
air-to-air  missile  guidance  and  control  system  are  depicted  in 
Figure  S.  These  functions  range  from  sensor  signal  processing, 
sensor  tracking  and  stabilization,  filtering  and  estimating,  to 
guidance  and  control,  fuzing,  launch  initializations  and  mode 
control  in  the  case  of  single  computer  systems*  Not  all  of  these 
system  functions  are  necessarily  required  in  all  missiles,  nor  is 
tneir  degree  of  complexity  or  performance  the  same;  however,  all 
should  be  considered  in  the  process  of  determining  the 
feasibility  and  application  of  digital  techniques,  together  with 
telemetry  and  test  as  supporting  functions*  A description  of 
each  function  and  the  performance  enhancement  expected  from  the 
use  of  digital  techniques  is  given  in  the  following  subsections* 

3.2.1  IaL££-t_^£D&DLS 

Tne  target  sensor  can  be  optical  ( te le v is  I on-TV ) , 
irj-red  (1R)  or  radar  (CW  or  pulse  doppler;  active,  semi-active 
r passive,  in  the  case  o*  t C M ) . The  purpose  of  the  sensor  is  to 
searcn  for,  acquire  and  track  the  target*  In  a radar  system,  for 
example, 
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the  signal  processor  extracts  signals  from  the  sensor  to  perform 
search  in  range»  doppler  and  angle  and  provides  detection  through 
various  algoritnms  such  as  constant  false  alarm  rate  (CFAR),  dual 
threshold,  and  various  *m  out  of  n"  return  logic.  Acquisition  in 
range  and  doppler  may  be  performed  using  digital  FFT  techniques 
coupled  with  target  selection  logic  that  provides  superior 
performance  over  analog  techniques.  Selection  of  quiet  targets 
in  clutter,  in  the  presence  of  standoff  jammers*  or  with  cloud 
background*  and  flares  in  the  IR  case*  and  resolution  of  multiple 
targets  may  be  considerably  enhanced  using  a digital  approach. 

In  the  radar  case*  after  target  acquisition*  tracking  is 
performed  in  conjunction  with  filtering  and  estimation  of  angle 
range  and  doppler*  to  close  these  loops.  Digital  filtering  and 
prediction  offer  the  means  to  perform  range  and  doppler  tracking 
that  can  be  more  precise  and  more  resistant  to  pull  off  type 
deceptive  jammers.  Extraction  of  error  angle  information  can  be 
accommodated  for  1R  reticle  scan  systems  involving  AH  or  FH 
encoding  of  angle  information  or  IR  two-dimensional  arrays*  or 
for  radar  sensors  using  conical  scanning  or  monopulse  techniques. 


Tne  data  that  the  sensor  provides  to  the  guidance  system 

can  consist  of  boresl9ht  error  ( £ ) * range  error  ( a R ? and 

MT 

range  rate  error  ( AH  ) along  the  line  of  sight  to  the  target* 

MT 

signal  to  noise  ratio*  (SNR)*  inertial  rates  (w  ) in  the  seeker 

-SM 

frame  and  9imba!  angles  (6  ) relating  the  seeker  frame  to 

~SM 

missile  body  coordinates.  in  some  systems  this  data  is 

restricted  to  measurements  of  6^  * w_M*  and 

“H  “SM  — SM 


Digital  signal  processing  provides  the  ability  to  adapt 
to  varying  target  signatures!  environments  and  ECH.  The  logic 
and  processing  during  search*  detection,  acquisition  and  tracking 
can  all  be  improved  with  digital  technqiues.  Digitally 
implemented  logic  can  provide  close  to  optimum  utilization  of  the 
missile  E C C M features.  The  overall  probability  of  acquisition 
can  be  optimized  by  varying  the  search  parameters  (false  alarm 
rate,  threshold),  over  the  search  sector  according  to  the 
probability  of  target  signal  presence.  CFAR  levels  can  be  set 
digitally  for  maximizing  detection. 

FFT  processing  can  provide  a wide  doppler  band  display  of 
target  and  clutter  signals.  Digital  logic  can  then  be  used  to 
find  and  isolate  the  main  clutter  signals  so  that  tne  target 
signal  can  be  seen  within  the  dynamic  range  of  the  analog  to 
digital  convertor  and  the  FFT  processor.  FFT  processing  can 
provide  a 6-10  db  SNR  advantage  over  sweeping  velocity  gates  for 
tie  same  detection  probability. 

Digitally  implemented  processing  for  1R  homing  missiles 
can  enhance  performance  by  pr  viding  more  accurate  biasing 
tecnnlques  for  intercept  forward  of  the  target  tail  section. 

3*2*2  lLackjLQ^,aDd^SJLahllUaliQQ 

Tracking  and  stabilization  of  the  tracking  sensor  in  a 
homing  missile  is  a critical  control  function  where  It  is  desired 
to  obtain  an  accurate  measure  of  the  I 1 ne-of  -s  1 9hi\  rate  while 
Isolating  tne  measurements  from  body  motion.  Conventional  glmbal 
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servo  systems  provide  tnls  Isolation  to  a certain  extent'  but  In 
general  this  approach  cannot  easily  compensate  for  glmbal 
cross-coupling  effects  anc  torque  disturbances  which  are 
important  in  electric  drive  systems  with  limited  torque  output. 
Sensor  gyros*  required  for  stabilization*  have  error  components 
in  their  outputs  due  to  missile  induced  motions  around  tneir 
output  axes.  These  effects  can  be  reduced  through  the  use  of 
digital  control.  For  example,  improved  isolation  can  be  achieved 
by  correcting  for  gyro  output  axis  coupling*  and  by  correcting 
for  g sensitive  drift  using  the  sorted  g sensitive  drift 
coefficient  for  eacn  seeker  head  gyre. 

Obviously  in  the  case  of  strapped  down  sensors*  such  as 
conformal  body  fixed  arrays*  a digital  capability  is  essential  to 
the  stabi I i zat  ion  funct i on. 

In  conjunction  with  digital  filtering  and  estimation* 
tracking  loops*  which  are  less  sensitive  to  fluctuating  receiver 
signal  to  noise  ratio  and  mode  switch  due  to  ECH,  can  be 
implemented.  Tne  digital  filter  increases  the  track  loop 
bandwidth  for  high  iNR*  reduces  it  for  low  SNR*  and  coasts  the 
antenna  during  ua  la  dropouts  by  maintaining  the  seeker  space  rate 
equal  to  the  current  best  estimate  of  LUS  rate. 

In  radar  systems*  radome  refraction  slope  places 
significant  design  constraints  on  the  guidance  problem  and  can 
~ause  stability*  miss  distance  and  missile  maneuverability 
prooiems.  Negaiive  refraction  slopes  are  destabilizing  while 
positive  slopes  slow  down  the  missile**  response  to  I l ne-of -s I ght 
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errors.  Of  the  compensation  algorithms  available  to  the  digital 
system*  the  ability  to  reduce  the  Impact  of  this  disturbance  is 
probably  most  important.  A compensation  algorithm  is  superior  to 
present  biasing  techniques  and  particularly  important  for  wide 
band  RF  applications.  In  addition,  design  problems  encountered 
w i tn  dual  mode  guidance  systems  which  may  have  conflicting 
requirements  on  dome  material  should  be  reduced. 

3.2.3  tili£XiDfl_aod_tsIiaalloD 

Perhaps  tne  greatest  impact  of  the  availability  of  an 
on~board  digital  computer  is  th*  vastly  improved  estimation 
capability  it  provides.  M i th  modest  computational  equipment*  it 
is  possible  to  implement  relatively  sophisticated  estimation 
algorithms  le.g.,  Kalman  filters)*  which  would  be  virtually 
impossible  by  analog  means.  This  estimation  capability  yields 
performance  Improvements  in  three  ways: 

1)  Kore  effective  guidance  and  reduced  miss  distance* 
resulting  from  Improved  knowledge  of  the  relative 
motion  of  missile  and  target; 

2)  Improved  tracking  tenacity*  through  the  use  of 
predicted  angles*  range  and/or  range  rate  for  seeker 
pointing  and  range  and/or  doppier  gate  setting;  and 

3)  Capability  for  estimating  auxiliary  parameters  (e.g.* 
stability  derivatives  and  target  properties*  which 
aid  In  trajectory  estimation*  autopilot  gain  setting* 
and  any  engagement  decisions  which  may  depend  on 
target  parameters  or  behavior. 
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It  Is  clear,  from  previous  guidance  studies,  that 
estimation  of  target  motion  (including  acceleration)  provides  a 
considerable  Improvement  In  performance  In  the  maneuvering  target 
case.  Target  acceleration  estimation  may  thus  be  considered  an 
essential  part  of  any  high-performance  homing  guidance  system. 

Filtering  and  estimation  of  system  states  through  the  use 
of  digital  discrete  recursive  estimators  provides  Information 
allowing  Improved  guidance  laws  and  autopilot  control.  The 
estimator  can  be  '.3  complex  as  a fully-coupled,  9-state,  Kalman 

A 

filter  where  estimates  of  target  acce I e r at  ion  relative 

A A * 

position  R,  and  relative  velocity  K can  be  obtained,  or  where  the 
computational  burden  is  too  severe,  or  the  accuracy  of  a 
fully-coupled  filter  Is  unnecessary,  simpler  configurations  can 
be  used  to  orovide  suboptimal  estimates.  Further  simplification 
could  reduce  this  function  to  fixed  gain  noise  filters  on 
boresignt  error  alone. 

Application  of  digital  discrete  recursive  estimators 
improves  angle,  range,  and  doppler  track  especially  In  cases 
Nhere  pulsed  illumination  is  used  and  In  cases  where  blinking 
Jammers  cause  constant  mode  switching. 

* . 2 • w Luid&uce 

Guidance  accuracy  can  be  Improved  over  basic  laws,  such 
as  proportional  navigation,  by  explicitly  compensating  for  target 
maneuvers  using  estimator  outputs,  and  compensating  for  missile 
autopilot  dynamic  lag.  Digital  memory  and  arithmetic 
capabilities  allow  the  necessary  computation  to  be  performed  In  a 


real  tine  node;  whereas*  analog  technology  is  generally  limited 
to  simpler  laws  such  as  proportional  navigation.  Augmented 
proportional  navigation  ( A PM)  compensates  for  target  acceleration 
and  a four-state  law  (4SL)  provides,  in  addition*  compensation 
for  autopl I ot  lags. 

For  simple  missile  systems  as  represented  by  Class  1* 
traditional  proportional  navigation  (PN)  guidance  is  generally 
used  because  of  limitations  on  the  available  measurement  data  and 
computational  capacity.  For  more  sophisticated  systems*  and  the 
associated  higher  levels  of  required  performance*  experience  has 
shown  that  two  important  requirements  are: 

1 Estimation  of  target  acceleration  and  its  use  in  the 
guidance  law. 

2)  Some  method  of  compensating  for  the  dominant  lag  of 
the  autop i I ot  • 

When  these  factors  are  included  in  the  derivation  of  the 
guidance  law*  considerable  improvements  in  performance  are 
realized*  Figure  10  compares  performance  i RMS  miss  versus 
missile  g limit)  for  a typical  Intercept  using  three  different 
guidance  «aws: 

1)  Proportional  Navigation  |PN) 

2)  Augmented  Proportional  Navigation  (APN)  which 
utiilzes  the  estimate  of  target  acceleration 

3)  Four-State  law  C <» S l > • which  adds  compensation  for 
autopilot  lag 
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Hgure  10  Comparison  of  Guidance  Laws 

The  case  chosen  for  the  comparison  is  an  8 second  flight 
during  which  the  target  initiates  a 4g  maneuver  at  random  times. 
Initial  heading  error  is  5 oeg  and  the  three  components  of 
angular  measurement  error  are  assumed  to  be:  glint  5 ft? 

receiver  noise  6 mrad  and  r ange- i ndependent  noise  1 mrad,  fall 
values  rm3) • Data  rate  is  10  Hz.  The  controller  Is  assisted  by 
a tnree-state  Kalman  filtor  estimating  y^  (differential 
positions  y^  and  nT  • The  improvement  in  performance  is 
considerable  when  the  guidance  law  is  compensated  for  target 
maneuver  and/or  autopilot  lag. 
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3 .2.5  &ula&ilAl/.L£al£iU 


Control  and  stabilization  of  the  airframe  Is  a critical 
function  for  all  missiles.  Rapid  response  to  acceleration 
commands  in  two  axes*  while  maintaining  pitch/yaw  damping  and 
roll  control  is  required  for  satisfactory  guidance*  The  problems 
associated  with  airframe  control  are  wide  variations  in  flight 
conditions  (altitude  and  velocity)  and  resultant  aerodynamic 
coefficient  variation*  stability  under  transient  conditions* 
dynamic  range  limits  and  nonlinearities  in  the  actuation  system* 

The  role  of  the  digital  computer  for  missile  control  goes 
far  beyond  digitizing  an  analog  autopilot.  With  the 
computational  power  for  adjusting  the  control*  the  response  of 
the  controlled  airframe  can  be  made  relatively  independent  of 
flignt  condition  and  the  closed  loop  poles  placed  within 
specified  regions.  Since  autopilot  design  is  constrained  by  the 
range  of  aerodynamic  characteristics*  the  digital  design  should 
consider  from  the  outset  the  estimation*  measurement*  or  storage 
of  aerodynamic  parameters. 

A more  general  approach  to  the  control  problem  is  to  use 
sensed  performance  of  the  missile  to  continually  change  the 
controller  gains  during  flignt.  These  implicit  or  explicit 
adaptive  designs  do  noi  nave  simple  analog  formulations  and  the 
digital  computer  becomes  important.  Implicit  techniques  do  not 
estimate  the  unknown  parameters  of  the  missile  but  generate  the 
control  signal  directly  from  sensor  Information*  Explicit 
techniques  generally  seek  to  estimate  the  unknown  parameters  and* 
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using  this  information*  treat  the  control  problem  as  if  the  aero 
parameters  Mere  Known. 

Implicit  adaptivity  is  attractive  for  simple  control 
systems  and  may  have  application  for  those  missiles  designed  for 
specific  missions,  Multimode  and  multimission  weapons*  however* 
are  more  complex  and  explicit  adaptivity  is  more  likely  desired. 
In  ail  cases*  however*  knowledge  of  aero  parameters  is  important. 

3.2.6  Luzina 

Better  fuzing  techniques  can  be  digitally  implemented 
using  end-game  estimates  of  time-to-go  to  intercept*  missile 
attitude*  expected  miss  distance*  and  relative  velocity  which  can 
be  developed  in  digital  filters  as  inputs  to  multivariable  fuzing 
time  delay  algorithms  for  optical*  active  and  semi-active  fuzes. 
The  algorithms  can  be  optimized  for  different  warheads  including 
blast*  fragment*  and  rod  types.  Aiming  instructions  for  aimable 
warheads  can  also  be  computed. 

3.2.7  Laaln-and_tinxU-..Loi).txnl 

in  every  missile  there  are  a large  number  of  logical 
decisions  which  must  be  made  during  the  course  of  a flight. 

Launch  logic*  target  selection*  autopilot  band  switching  and 
fuzing  logic  are  just  a few  of  the  logical  decisions  which  must 
be  made  In  the  missile.  The  hardware  logic  wnlch  makes  these 
various  decisions  is  scattered  throughout  a typical  missile  and 
involves  a very  substantial  fraction  of  the  total  electronics  and 
hence,  the  overall  logic  diagram  of  a missile  tends  to  be  a 
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rather  complex  logic  tree.  In  a digital  missile  system*  logic 
functions  can  be  implemented  in  a computer  by  means  of  decision 
tables  and  other  extremely  simple  logic  routines  for  which  the 
computer  is  ideally  suited.  Also*  the  information  upon  which  the 
decision  must  be  based  is  available  in  the  computer  memory  for 
ether  purposes.  Thus#  one  of  tne  many  effective  uses  of  a 
computer  in  a digital  missile  is  the  execution  of  the  decision 
logic. 


Mode  control  applies  to  the  t i »e-mul t i p l ex i ng  of  digital 
missile  functions  in  a singie  computer  system.  The  initiation  of 
a given  mode  is  determined  by  the  master  executive  program#  which 
performs  the  decision  logic  based  on  the  occurrence  of  external# 
real-time  events  and/or  the  results  of  guidance  and  control 
algorithms  executed  by  the  computer  and  reported  to  the  executive 
program  via  the  active  mode  supervisor.  As  such*  mode  control 
ensures  the  proper  function  mix  at  any  point  in  the  mission 
time-line#  and  the  execution  of  functions  In  accordance  with  the 
data  sampling  and  stability  criteria  of  the  system. 

3 . 2 . a l&JL&m&JLL'y.aod-I  aal 

ialanLeiry  - Telemetry  Is  used  primarily  in  flight-test 
*ehtc  es  to  monitor  tne  performance  of  an  all-up  system  in  a true 
operating  environment.  In  a digital  missile#  most  of  the 
telemetry  information  is  already  stored  in  computer  memory  and 
the  remaining  data  can  be  readily  acquired  (e.9*»  airframe  stress 
data,  hydraulic  pressures#  battery  voltages).  A computer  is 
therefore  capable  of  controlling  the  entire  telemetry  function 


either  on  a time-shared  basis  in  a single  computer  system,  or 
continuously  through  a dedicated  processor  in  a 
f sdar a tsd/d 1st r ibuted  computer  system.  There  are  substantial 
advantages  to  tnis  method  of  telemetering  over  analog  systems. 
First,  a separate  multiplexer  for  telemetering  is  not  required. 
Second,  all  of  the  buffer  amplifiers  and  circuitry  required  to 
scale  signals  to  proper  telemetering  levels  have  been  eliminated. 
Also,  the  very  targe  number  of  Mires  Mhich  are  required  to 
collect  the  telemetering  information  have  been  eliminated,  thus 
eliminating  many  sources  of  pickup  and  a very  large  cost 
reduction  because  of  the  reduction  of  cabling.  Interconnection 
Mires  always  present  a major  problem  In  any  missile  design,  and 
the  elimination  of  wires  is  extremely  Important  and  cannot  be 
over-emphasized.  Scaling  of  the  signals  can  be  done  in  the 
computer  if  necessary  to  preserve  telemetering  dynamic  range. 

And  finally,  digital  telemetering  can  provide  a more  accurate 
picture  of  the  missile  parameters  than  is  usually  available  with 
analog  telemetering  systems. 

Iasi  - A digital  computer  allows  considerable  pre-flight 
testing  to  be  performed  in  a tactically  configured  missile. 
Extensive  testing  of  the  computer  and  the  indlviduai  guidance  and 
control  functions  and  subsystems  Insures  that  a test  vehicle  is 
fully  operational  immediately  before  launch,  with  the  option  of 
providing  the  same  test  procedures  In  an  all-up  tactical  missile 
ensure  reliability.  Digital  missiles  could  also  be 
9r ound-tested  in  the  same  way,  by  applying  primary  power  but 
without  squibbing  batteries,  prior  to  Installation  on  an 


69 


at  rcr af t 


Test  therefore  applies  to  the  self-contained  testing  and 
maintenance  of  a missile  at  Factory*  Overhaul  and  Repair  shop  at 
shore  depot*  Carrier  Electronic  Workshop*  Hangar  Deck  and  Flight 
Deck  maintenance  levels. 

3 . 3 kaoaiJ.j^la&ail  Italian 

Tne  application  of  modular  digital  computers  to 
air-to-air  missile  systems  involves  the  consideration  of  a wide 
range  of  missions*  missile  characteristics  and  engagement 
environments.  Depending  on  the  missile  involved*  the  airframe* 
guidance  modes*  control  configuration*  seeker  and  available 
instrumentation  vary  from  relatively  simple  specific  mission 
designs  to  highly  sophisticated*  mult imode/mul t (mission 
applications.  In  order  to  determine  the  feasibility  and 
application  of  modular  digital  computers  to  perform  desired 
missile  functions*  the  configuration  and  requirements  of  the 
Sidewinder,  Spar  r ow  and  Phoenix  families  of  missiles  have  been 
studied  and  a generic  classification  sf  requirements  has  been 
established.  The  classification  includes  presently  operational 
systems  .<s  Nell  as  anticipated  futi'e  systems  and  mas  developed 
from  a survey  of  mission  requirements  and  functional 
configurations.  The  definition  of  the  air-to-air  missile 
missions  included: 

1)  Launch  envelopes  and  launch  conditions* 

?)  Guidance  inodes  and  the  avionics  interface. 
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3)  Target  types  and  parameters. 

4 i Missile  sensors  and  Instrumentation. 

3).  Missile  physical  properties. 

The  definition  of  generic  configurations  involved  a 
survey  of* 

1)  Functional  modes  and  phase  of  flight 

2)  Target  sensors  including  1R»  radar  and  dual  mode. 

3)  Radomes  Including  ranges  of  1R  and  radar  boresight 
error  slopes. 

4)  Receiver  configuration  encompassing  conical  scan  and 
monopulse  radar  and  ret  I c I e/trray  IR  systems. 

5)  Gimbal  drives  and  configuration  including  electric 
versus  hydraul ic,  two  or  three  axes  or  strapdown. 

6)  Airframe  configurations  encompassing  wing,  tall  or 
canard  aerodynamic  control  or  thrjst  vector  control. 

7)  Aerodynamic  characteristics  such  as  linear  stability 
derivative  values  over  the  range  of  flight 

cond i t I cns • 

8)  Propulsion  systems  involving  single  or  multiple 
s tagei • 

9)  Instrumentation  and  tachometers. 

3.3.1  Llas2.aaXlnili.x1aa 

as  a result  of  this  study,  three  generic  missile  families 
have  oeen  established  and»  relative  to  this  classification,  on 
board  computational  requirements  can  be  defined  tor  each  class. 


The  generic  families  consist  of  a low  cost,  specific  Mission 
design  Dynamics  Tne  first  level  of  classification  Involves  a 
description  of  guidance  mode.  Interface  with  the  launch  aircraft, 
available  instrumentation  and  control  requirements  as  described 
by  Table  7. 

From  this  classification,  the  functions  which  must  be 
provided  can  be  defined  and  the  relative  complexity  of  each 
function  can  be  assessed.  In  Class  I for  example,  only  one 
guidance  mode  is  required  and  the  signal  processing  function  need 
only  be  concerned  with  continually  processing  data  from  one 
tracking  sensor.  Multiple  sensors  exist  in  Class  III  systems, 
however,  and  for  in-flight  hand-over  capability,  the  date  from 
each  sensor  must  be  processed  simultaneously.  The  same 
increasing  level  of  complexity  exists  for  all  functions  as  one 
progresses  from  Class  1 to  Class  111. 
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or  conb I nat I ons  of  two.  or  co«blnation9  of 


3.3.2  EaLatttl£I.2 


Further  quantification  of  the  three  generic  classes  is 
provided  by  specifying  the  parameters  and  their  ranges  that  apply 
to  each  class.  Table  8 lists  these  data  for  each  Class  and  the 
various  missile  elements. 

3.3.3  La*iiAiiamiiiaJ_JLxipula 

In  addition  to  missile  and  target  properties*  natural  and 
man-made  environmental  inputs  are  bracketed  for  each  generic 
cl  ass  in  Table  9 . 

with  these  definitions  and  parameters  established  for 
eacn  class*  the  functional  analysis*  design  approach  and  computer 
requirements  are  developed  in  the  following  sections  of  this 
repor  t. 
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SYSTEM  PARAMETERS 

MISSILE  CLASS 

PARA  it  TE  K I II 


5tructura I 

Banding  Hod*  Irpsl 
f I r st 
Socond 
Klnaoatlc 

Angular  Ratas  (dag/sac) 
p Itch/Yaw 
HOI  I 

Acct lar at  ion 

Angular  Ida*/ sac2  I 
p i tcn/vaw 
Roll 

Iranslatlona)  Ig) 
Inartlai  Ins tr uosntu t l on 
M»ss I la  aody 


200-000 

600-1*90 


1150 

1500 


<2000 

<10,000 

<30 


Mona-1  Roll  gyro 


150-200 

600-900 


60-100 

300-650 


<6000 

<20,000 

<60 

3 Rata  gyros 


Saahar 


2 or  3 accataro- 

oatar s 

Praa  gyro  2-3  Rata 

ISoln  Has.)  gyros 


III 


200-500 

600-1800 

60-150 

300-650 

<6000 

<20,000 

<60 

3 Rata  Intagrating 
gyros  IRIG) 

i ACC. 

2-3  R 16 
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Target  Censor 
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I rpe) 
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The  design  of  a digital  guidance  system  for  a missile 
involves  the  translation  of  functional  requirements  into 
algorithms  and  parameters  and  the  specification  of  interfaces  and 
timing.  This  process  was  discussed  in  the  Phase  1 Final  Report* 
(Reference  R.l)*  fo  the  relatively  low  frequency  guidance  and 
control  functions  addressed.  A modular  design  approach  was 
adopted  in  which  the  benefits  of  the  digital  approach*  i.e.*  time 
variable  estimations  a>d  guidance*  and  adaptive  autopilot 
control*  are  retained*  while  offering  a practical  design 
procedure  which  results  in  improved  performance*  relative 
insensitivity  to  design  model  errors  and  a reasonable  real-time 
computer  load.  The  same  approach  is  applied  In  this  report.  The 
signal  processing*  fuzing*  mode  control  and  telemetry  /test 
functions  are  defined*  algorithms  developed  and  interfacing 
requirements  (data  rate*  delay*  etc.)*  set  and  then  integrated 
into  a total  digital  missile  guidance  system  design.  The  impact 
of  these  added  functions  on  system  design  and  digital  processing 
are  discussed  in  this  subsection. 

3.4.1 

T he  general  missile  guidance  system  model  shown  in  Figure 
11*  is  an  expansion  of  the  Phase  1 model  to  include  the  track 
signal  processing  function.  This  function  is  highly  interactive 
witn  estimation*  guidance  and  autopilot  control  functions  in 
establishing  the  performance  of  the  guidance  system.  The 
computational  du lev  associated  with  digital  extraction  of  target 
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General  Missile  Guidance  System 


tracking  data  directly  affects  guidance  miss  distance 
per f ormance . Bounds  on  this  delay  must  be  set  in  the  context  of 
tne  total  model.  On  the  other  hand,  target  acquisition  signal 
processing'  fuzing*  and  node  control'  although  having  their  own 
requirements  on  data  rate  and  delay*  do  not  directly  interact 
with  missile  guidance  and  control. 

The  track  signal  processing  function  involves  the 
extraction  of  seeker  boresight  error*  € * relative  range  and 

rl 

doppler  data  and  a measure  of  target  tracking  signal  to  noise 
ratio  from  the  sampled  sum  and  delta  channel  outputs  of  the 
receiver.  Cascading  this  function  with  the  other  functional 

elements  adds  dynamics  (tracking  cell  bandwidth  BW  ) and 

sp 

computational  delay*  • In  order  to  establish  the  impact  of 
signal  processing  delay  or  guidance*  a model  of  the  guidance 
system  which  explicitly  identifies  where  sampling  and  delay  occur 
is  required  for  setting  digital  processing  requirements  and 


assessing  performance 


3 . G . 2 m0ilal-Ufi2ifla_U2D3id&£ali£D2 


Along  with  the  benefits  of  digital  processing  and  control 
comes  the  requirement  to  convert  back  and  forth  from  the  analog 
to  the  digital  domain.  This  conversion  involves:  sampling, 

quantization*  and  computational  delay.  In  designing  a digital 
guidance  system  thi>se  processes  must  be  accounted  for  and 
requirements  placed  on  the  allowable  values.  The  model  for 
analyzing  these  effects  is  given  in  Figure  1 2.  The  functions 
remain  the  same  as  those  of  Figure  II*  but  the  input  sampling 
(analog  to  digital  conversion)  output  sampling  and  holding 
(digital  to  analog  conversion)  and  computational  delay  paths  are 
shown  explicitly.  Quantization  also  occurs  upon  conversion. 


'i 


Figure  12  Digital  Guidance  System 
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In  the  Phase  I Study,  requirements  were  established  on 
certain  conversion  parameters,  namely, 

1)  Guidance  data  rate  If  = i ___,)  ranging  from  5 

GUID  EST  TRK 

to  25  Hz  depending  upon  missile  class* 

2)  Autopilot  data  rate  If)  ranging  from  500  Hz  for 

AP 

proper  digital  structural  filtering  to  10  Hz  for 
control  gain,  determinations* 

3)  Seeker  stabilization  loop  sampling,  f at  500  Hz. 

STAB 

To  complete  the  requirements  on  the  digital  process, 
additional  inversion  parameters  must  be  specified*  These 
i nc I ude : 

1)  Autopilot  multiple  sampling  rates  fACCi  f gyro*  and 
computational  delayT^not  considered  in  the  Phase  I 
study. 

2)  Sensor  output  sampling,  f and  signal  processing 

RCVR 

delayx  and  the  overall  delay  !____  . in  generating 
sp  GUID 

autopilot  acceleration  commands  from  sensor  outputs* 

The  timing  relationships  which  exist  among  the  various 
elements  is  shown  in  Figure  13* 
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Figure  13  Digital  Guidanct  System  Tiding 
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The  lowest  sampling  frequency  is  generally*  guidance* 

f , so  that  a major  computing  interval  (MCI)  is  established  by 
GUID 

MCI  = 1 / f • MCI  ranges  from  40  to  200  msec*  100  msec 
GUID 

(f  s 1 0Hz ) being  typical.  Within  the  MCI  all  functions  are 
GUID 

executed  at  least  once;  namely  guidance*  estimation*  track* 

signal  processing  or  many  times;  sensor  stabilization*  f * and 

STAB 

autopilot  control*  f and  f . Information  passes  from 

GYRO  ACC 

target  sensor  to  signal  processing  to  estimation  and  guidance* 

The  delay  in  the  computing  process  is  additive*  that  is  the  total 

delay  from  start  of  signal  processing  to  update  of  the  command* 

a 1st  =t  4 t 4 t • The  allowable  delay  t Is 
GUID  sp  ESTC  G GUID 

established  by  miss  distance  requirements*  Section  5 determines 

the  allowable  values  ofx  end  f • The  critical  part  of  the 

G GUID 

MCI  x is  generation  of  a from  the  samples  of  the  receiver 

GUID  —C 

output  used  in  generating  outputs  e*R*  and  R in  an  output  signal 

processing  bandwidth  BW  • Some  computations*  such  as  estimator 

■P 

covariance  propagation  and  gain  calculations  can  be  done  In  the 
non-critical  time  slot  prior  to  updating  the  state  estimates  when 
the  new  c*R*A  data  are  available* 


For  the  sensor  stabilization  and  autopilot  functions 
sampling  rates  which  are  high  compared  to  guidance  are  required 
so  that  sampling  at  f in^  ^GYRO***  proceed  i ndependent  I y and 
asyncnronous ly  from  guidance*  For  these  wide  bandwidth  loops* 


however*  computational  delay  and  t ^ are  important*  These 

STAB  AP 

requirements  are  set  In  Section  5 on  autopilot  control,. 
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At  each  point  in  the  d 1 9 i ta I guidance  system  where 
conversion  from  one  domain  to  the  other  takes  place*  the  effects 
of  sampling  » quantization  and  delay  must  be  evaluated  and 
specifications  set.  In  the  Phase  I report  (Ref.  R.l»  Section 
3.3.2*  Digital  Digital  Controller  Design,  these  effects  and 
design  guides  were  discussed.  Figure  1'4  illustrates  the 
conversion  process. 

The  addition  of  the  signal  processing  functions  \o  the 
guidance  model  and  the  accounting  for  computational  delays 
requires  that  additional  conversion  requirements  be  established. 

X)  Sensor  output  sampling  rate  and  quantization 

2)  Computational  delay  in  guidance,  and  autopilot  and 
seeker  stabilization. 

Sensor  output  sampling  rate  is  determined  by  the  Nyquist 
sampling  theorem,  that  is: 

f i BN 

RCVR  RCVR 

This  requires  tnat  tne  sum  t£)  and  difference  i & 
channels  each  be  sampled  at  a rate  greater  than  the  receiver 
(roughing  filter)  bandwidth  typical  values  are 

'rcvr*  1(W0 
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5YgC,  AJCElE* 
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ces 


These  are: 


The  number  of  binary  bits  required  in  the  conversion  Is 

determined  by: 

CM  1 LLdhl  ♦ 0.8 
6 


Where*  l Is  number  of  magnitude  bits 

F desired  signal  to  quantization  noise  ratio. 

For  typical  radar  sensors  a 40  db  r*tlo  Is  acceptable  so 
that  an  8-bit  converter  on  the  t and  A channels  is  usually 
su  f f i c i snt. 


For  autopilot  and  seeker  stabilization  the  effect  of 


computational  delay*  t or  t . on  loop  stability  Is  related 

AP  STAB 

through  the  relationship: 


At  * 2*  f j /x s +T\ 

Critical  J 

Where*  ^t  - phase  shift  due  to  sampling  at  f * j.  an<* 

tm 

delay  t.  if  loop  phase  shift  Is  to  be  limited  to  say*  At  * 0.2 

radians  at  the  critical  9aln  cross  over  frequency  f then  a 

CRIT 

limit  exists  omi  ♦ t . This  Is  an  approximate  relationship. 

T 


Through  simulation*  more  exact  requirements  are  set  for  autopilot 
and  stabilization  In  Section  $• 
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<*.  DIGITAL  MISSILE  PROCESSING  t CONTROL 

This  section  contains  a summary  of  the  guidance  and  control 
functions  analyzed  in  the  Phase  I study  and  the  results  of 
furtner  analyses  performed  in  Phase  II  covering  the  remaining 
on-board  missile  functions  viz:  radar*  IR*  ARM  and  multimode 

sensor  systems*  fuzing;  mode  control;  telemetry  and  test.  The 
object  of  these  analyses  being:  to  determine  the  functions 

suitable  for  digital  implementation  to  achieve  performance 
improvements  and  greater  flexibility  without  a severe  cost 
penalty*  to  define  supporting  digital  algorithms  and  program 
modules;  and  lastly*  to  determine  the  computer  loads  for  each 
digital  function  in  terms  of  worst-case  operation  counts  and 
Instruction  mixes*  (l.e*  percentage  breakdown  of  add/subtract* 
multiply/divide  and  I oad/ stor a/ I og 1 ca I /b ranch  operations)*  for 
the  computer  performance  requirements  and  modular  computer 
definition  tasks,  (see  Section  6 and  7)* 

As  in  tne  Phase  I Study*  a simple  16-bit*  fixed-point* 
single-register*  minicomputer  architecture  and  instruction  set 
was  assumed  for  sizing  the  program  modules*  since  this  type  of 
macnlne*  in  addition  to  establishing  worst-case  operations 
counts*  provides  the  logical  point  of  departure  for  evaluating 
the  merits  of  more  sophisticated  computer  designs.  Similarly* 
for  consistency  with  Phase  I computer  load  estimating  procedure, 
instruction  counts  given  in  tne  computer  requirements  tables 
Include  only  those  operations  executed  in  the  worst-case/ 
time-critical  path  through  each  program  module*  These 
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instruction  counts*  together  with  those  of  the  associated  utility 
sub-r out  I nes » have  been  Increased  by  90*  when  converting  to 
eqjivalent  adds.  Program  memory  requirements  Include  the  total 
number  of  instructions  for  any  given  program  module  also 
increased  by  30*.  The  30V  increase  constitutes  an  allowance  for 
additional  subroutine  linkage  and  other  overhead  operations  which 
are  necessary  to  achieve  a completely  operational  program. 
Equivalent  adds  are  as  defined  in  the  Phase  1 study*  (Ref.  Rl* 
Sect.  q,  p.  q-l),  i.e.*  multiply  and  divide  operations  are 
equivalent  to  8 add/ subtrac t/ I oad/ stor e Instructions. 

The  functions  of:  target  seeker-head  tracking  and 

stabilization!  filtering  and  estimation;  guidance  and  autopilot* 
were  analyzed  In  the  Phase  1 study  and  described  in  Section  q of 
the  Phase  I F i na  I Report  (Ref.  R.i).  Tables  IQ  through  lq* 
extracted  from  the  latter  report*  summarize  the  computer 
requirements  for  each  of  the  above  missile  guidance  and  control 
functions  to  provide  continuity  with  the  current  work.  Tnese 
computer  I oats  are  integrated  with  the  remaining  missile 
fjnctions  in  Section  b to  establish  the  composite  computer  loads 
for  eacn  generic  missile  class. 
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•Totals  Include  30%  additional  short  oparatlons  for  subroutine  linkages  and  other 
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Totals  Include  33*  additional  short  operations  for  subroutine  linkages  and  other 


4.2 


In  this  subsection,  various  candidate  radar  sensor  types 
are  identified  and  their  respective  performance  features  reviewed 
in  the  context  of  air-to-air  missile  applications*  Compatible 
sensor  types  are  tnen  selected  and  described  in  more  detail  from 
an  operational  mode  viewpoint.  Signal  processing  is  then 
addressed  and  ana  I og/d i gi ta I boundaries  identified  for  each 
sensor  type.  Tne  form  and  function  of  the  digital  spectrum 
analyzer  as  a primary  digital  signal  processing  element  is 
discussed  followed  by  the  definition  and  analysis  of  the  total 
digital  signal  processing  chain  of  functions  culminating  in  the 
derivation  of  computer  ?oads. 

4.2.1  Candidate  Sensor  Types  vs  Air  to  Air  Hissile  Requirements 

Of  the  several  different  types  of  radar  systems  defined 
and  developed  to  date,  thy  fo:lowir,n  three  general  classes  are 
candidates  for  missile  radar  sensors: 

- Pulse 

- Doppler  continuous-wave  f C W ) 

- P u I se-dopp I e r 

These  general  classes  of  radar  sensors  can  be  operated  in 
a eai-active  or  active  mode.  For  the  semi-active  node  the  radar 
system  transmitter  is  in  the  launch  aircraft*  The  role  of  the 
missile  radar  sensor  is  to  select/acquire  the  radio  frequency 
energy  reflected  by  the  target  and  process  the  signal  to  derive 


guidance  commands.  For  the  active  mode  the  missile  seeker 
incorporates  the  transmitter. 

Tne  operational  requirements  for  air-to-air  missiles 
given  in  Section  3.2  disqualify  both  the  active  and  semi  active 
pulse  radar  sensors  due  to  tneir  inability  tn  reject  ground 
clutter  via  doppler  frequency  discrimination*  thereby  masking  low 
altitude  target  returns.  Ct»  doppler  and  pulse  doppler  radar 
sensors  take  advantage  of  the  motion  of  the  target  using  the 
doppler  principle  to  separate  moving  target?  T • om  fixed  ground 
clutter. 


The  f * uoppler  active  sensor  is  not  an  ideal  sensor 
candidate  for  missile  applications  due  to  the  high  transmitter 
leakage  into  the  receiver  which  in  turn  degrades  the  receiver 
sensitivity.  It  is  possible*  by  the  use  of  separate  receiving 
and  transmitting  antennas  and  by  an  RF  leakage  cancelling  network 
(Feed-Thru  Nulling)  to  obtain  a receiver  sensitivity  limited  only 
by  receiver  Input  noise.  This  is  currently  not  practical  for 
mi ss I I e use . 


based  on  the  foregoing  review  of  operational  requirements 
versus  radar  sensor  capabilities*  the  following  sensor  types  are 
selected  for  further  analysis: 


Sem i -aci  I ve/Cw  doppler 

It  lit 

11! 

Sem i -a ct i ve/ Pu I se  doppler 

lit 

Ill 

Active/Pulse  doppler 

lit 

111 
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T ne  distinguishing  functional  features  of  these  radars 
are  discussed  in  the  following  paragraphs  using  first-level 
functional  blocK  diagrams. 

- The  major 

functional  elements  of  a semi-active  C W doppler  I S A — C W ) sensor 
are  shown  in  figure  IS.  The  sensor  is  comprised  of  a rear 
receiver*  front  receiver*  and  signal  processor.  The  function  of 
the  rear  receiver  is  to  receive  and  track  the  illuminator  signal 
as  a reference*  coherently  offset  this  reference*  and  provide 
this  offset  reference  with  sufficient  spectrum  purity  and  power 
level  to  the  front  receiver  monopulse  mixers.  The  front  receiver 
amplifies  the  doppler  shifted  illuminator  energy  reflected  from 
the  target  in  tnree  narrow-band  monopulse  channels*  and 
coherently  translates  this  Information  to  baseband  where  it  Is 
encoded  and  fed  to  the  digital  signal  processor  • Tne  function  of 
tne  digital  signal  processor  Includes  extraction  of  target  angle 
and  velocity  errors*  target  detection  and  verification*  and 
generation  of  a variable  frequency  reference  to  the  rear  receiver 
to  provide  Aft  tracking  of  the  target. 


figure  IS  Semi-Active  tx  Doppler  Radar  Sensor 
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^&ii-Aml*a£Euisa_QQ&aiaL~H&4ai...S&oaaL  - The  9»ml -active 
pulse  doppler  (SA-PD)  sensor  configuration  is  shown  in  Figure  16. 
Tne  addition  of  a pulse  compression  line*  front  range  gates  and  a 
range  gate  generator  provides  the  capability  of  operating  with 
low  duty  cycle  pulsed  doppler  illuminator  energy.  The  PD 
waveform  provides  multiple  target  range  discrimination*  and 
clutter  rejection  improvement  by  range  discrimination. 

ALlixa_tiulsa_i)fiaei£L_RaiJaA_1SfiDsax  - Active  pulse  doppler 
(A-?i))  sensors  incorporate  the  system  components  shown  in  Figure 
17.  The  addition  of  a transmitter  provides  a self-contained 
sensor  which  is  independent  of  the  launch  aircraft. 
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lxa£ftJ_itA2lga-&AJ)uJLlAmAQlS  - To  qualify  the  requirements 
imposed  on  digital  signal  processing*  the  set  of  perforaance 
reojlrements  and  alsslle  paraaeters  given  in  Section  3.<?  have 
been  established  for  air-to-air  alsslles  employing  the  three 
different  types  of  radar  sensors  for  both  existing  and  projected 
fioevsl  missile  system  paraaeters. 

It  is  assumed  that  each  interceptor  or  launch  aircraft 
has  an  airborne  inteceplor  t A 1 ) radar.  The  function  of  the  Al 
radar  is  to  searcn  for  and  acquire  threat  aircraft  and  initialize 
tne  missile  for  launching.  Thus*  the  missile  sensor  eould  be 
aided  by  the  A!  radar  in  initial  target  designation.  A 
reasonatle  requirement  to  impose  upon  the  Al  radar  by  the  missile 
radar  sensor  is  the  provision  of  missile  antenna  pointing 
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commands  accurate  to  Mi  thin  the  sensor  beaviMidth  to  insure 
lucKinq  onto  the  desired  tarqet.  The  maximum  dopp I er /c I os i ng 
veiccity  error  designation  of  1 10*  is  based  primarily  upon  the 
missile  speed  uncertainty.  The  maximum  range  (R)  uncertainty  of 
t 1330  ft/15?. Am  ♦ ltk)  is  based  primarily  upon  the  ability  of 
the  A 1 radar  to  measure  range.  Avionics  designation  accuracies 
for  the  three  missile  types  are  summarized  in  Section  >.2»  also* 
since  radar  sensors  must  perform  in  an  environment  Mhich  includes 
grojno  clatter v rain*  and  ECM,  environmental  parameters  and 
conditions  pertinent  to  eacn  missile  class  defined  in  Section  3.2 
are  inputs  to  tne  sensor  selections  and  design  process. 

Trie  folloming  paragraphs  discuss  the  system  design 
requirements  and  implications  for:  target  acquisition,  target 

tr  ack  i ng  and  t ClM . 

laLgfcl.AcauiaillQO  - Radar  sensor  target  acquisition  is 
oased  upon  the  capability  of  the  AI  radar  to  designate  the 
position  of  the  target  prior  to  launch  in  tne  case  of  Class  I and 
II  missiles,  or  via  a command  guidance  link  for  Class  lll/actlve 
missile  rauar  sensors.  Table  15  lists  the  sensor  performance 
requirements  Mhtcn  impact  on  target  acquisition.  Tnese 
reQj i r ements  Mere  derived  from  the  information  contained  in 
Section  3.2. 

uround  clutter  caused  by  mi :rowav«  energy  striking  the 
surface  of  tne  ear  in  and  re-radiating  into  the  missile  sensor  can 
produce  degraded  target  acquisition  performance,  for  approaching 
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TARI.E  I 5 I Continual) 
DERIVED  SENSOR  REQUIREMENTS 


parameter 


MISSILE  CLASS 

II  III 


Oattctlon  Ratfoiaanc* 

Prob.  of  Lot.  In  on*  aacon*  0.9S 

A vf . T taa  attaatn  Tilt*  tiara*  I aac 

Ty*a/Na*t 

l a- Sou  lac t 1 va  Mi* 

Pulsr  Do** l at -St*  * a c tlv#  Ni 

Oadlcata*  I i iualnatar 
Shaft*  M lu*l na  taf 

Ault*  Qaaalar -Actlaa  NA 

LEQENOi 


N»  - «at  a** I lea* la 
NC  - aiacau.ia  *haaa 
l|an  - tar a i na i phaaa 
1 Aa  - haalni  all  tat  aay 


o.«s  ).r> 

r aac  I toe 

NA*  NC/TERM 

HAH  NL/ TERN 

MC 

TERM  MAN 


104 


targets  the  three  sensors  proposed  can  cope  with  ground  clutter 

since  tne  target’s  doppler  frequency  is  outside  the  clutter 

doppler  frequency  region.  However,  for  the  tail-chase  missile 

the  target  doppler  must  compete  with  ground  clutter.  The  effect 

of  different  waveforms  on  subclutter  visibility  or 

s i gna I -to-c I utte r ratio  (SCR)  for  the  receding  target  situation 

has  been  analyzed  in  numerous  studies.  Figure  16  is  a 

representative  plot  of  SCR  for  a low  altitude  receding  target  as 

a function  of  missi ! e-to-target  range  ( R ) for  the  SA-CW,  SA-PD, 

MT 

and  A-Pu  waveforms.  The  geometry  assumed  for  this  plot  is  a 
co-aiticude  A!  radar,  missile  and  target,  with  the  AI  radar 
remaining  at  a constant  20  nmi  range  from  the  target.  This 
situation  is  somewhat  unfavorable  for  the  A-PD  system  since  the 
missile  is  assumed  to  be  flying  at  a constant  altitude  which 
implies  that  the  clutter  power  entering  the  missile  is 
approximately  constant  throughout  the  flight.  In  the  SA-CW  and 
SA-PD  systems,  the  clutter  power  entering  the  missile  decreases 
as  the  missile  yets  further  from  the  AI  radar,  i.e.: 


wnere  RA|C  and  Rrr  are  approximately  constant  throughout 
tne  f I ight . 


The  SCR  for  the  SA-PD  signal  processor  Is  improved  over 
the  SA-tw  signal  processor  by  the  ratio  of  the  duty  cycle  (a  3* 


duty  cycle  Implies  lSdb  less  clutter  area  saen  by  the  missile). 


1 
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RADAR  SENSOR  DESIGN  PARAMETERS 

SENSOR  TYPE 

PARARtTER  SA-CW  SA-PD  A-PD 


Car r I e r Frequency 

( band) 

X 

X 

x or  K 

Dynamic  Range 

u 

Doppler  (KHz) 

A/100 

A/150 

A/190  2 

X 

6/2'95  2 

K 

Angle  ( deg) 

160 

±60 

±60 

u 

Acquisition  w i noow 

Range  (ps) 

NA 

3 

1 

Doppler  (KHz) 

20 

20 

20/30 

Time  ( sec ) 

Initial 

0.5 

1 .0 

1.0 

R ea  cq . 

0.2 

o.r 

o.r 

Angle  (fraction 

of  beamuidth) 

C 1 ass  1 

0.3/0.A7 

NA 

NA 

Class  11 

0.A3/0.67 

0.A3/0.67 

0.43/3.67 

Class  111 

0.57/0.67 

0.57/0.67 

0.57/3.67SX 

0.6/1  .0 

2K 

u 
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To  prevent  erroneous  acquisition  of  clutter  and  its 
designation  as  a target»  the  clutter  mainlobe  is  acquired  and 
tracked  prior  to  attempting  target  acquisition.  For  aoproaching 
low  altitude  targets,  the  doppler  region  searched  to  acquire  the 
target  is  positioned  above  the  mainlobe  clutter  doppler  and  for 
receding  targets  is  positioned  below  the  mainlobe  clutter 
dopp I er • 


B.aQa£_and_^floplax-Ixa£ii  - The  range  and  doppler  track 
system  can  be  mechanized  in  several  ways  depending  on  the  final 
application.  For  a missile  seeker  that  makes  maximum  use  of 
digital  signal  processing,  the  spectrum  analyzer  approach  appears 
to  be  desirable.  The  generation  of  the  range  and  doppler 
tracking  errors  using  an  FFT  digital  signal  processor  is 
illustrated  in  Figure  19. 


Figure  19  <ange  t Doppler  Tracking  Error  Oensration  * 
Spectrum  Analyzer  . mp I ementa t i on 
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The  doppler  tracking  error  is  generated  from  the  spectrum  of  the 
main  range  9ate  return  by  combining  the  outputs  of  the  center 
three  doppler  ceils  (see  subsection  4.2.6).  The  main  range  gate 
is  kept  centered  on  the  peak  of  the  target  return  by  the  range 
tracking  loop  which  uses  the  range  error  obtained  from  combining 
tne  outputs  of  the  split  gate  FFT  spectrums  (see  subsection 
4.2.6)  . The  rar.ge  and  doppler  errors  are  filtered  in  the 
guidance  data  processor  to  develop  the  estimated  target  doppler« 

A a 

f » and  the  estimated  target  range*  R • The  estimated 

tgt  tgt 

target  doppler  and  ranges  are  then  fed  via  D-A  convertors  to  the 

front  and  rear  IF  receivers  to  complete  the  tracking  loops. 

Angle-ltacli  * The  mul  t i -channe  I digital  spectrum  analyzer 
approach  to  the  determination  of  monopulse  pitch  and  yaw  errors 
also  appears  to  be  consistent  with  the  optimum  use  of  digital 
signal  processino  in  the  various  radar  sensors.  This  type  of 
angle  error  processing  is  illustrated  In  Figure  20.  The 
amplitude  and  pnase  of  the  difference  channel  signal  relative  to 
ths  sum  channel  is  directly  proportional  to  the  angle  error  for 
the  target  being  tracked.  Cne  important  feature  of  this  type  of 
processing  is  that  the  target  beiig  tracked  does  not  have  to  be 
in  any  particular  doppler  cell  to  allow  the  angle  errors  to  be 
determined.  For  example*  in  the  case  of  a blinking  jammer 
engaged  by  a SA-Cw  seeker*  the  Doppler  tracking  error  can  grow 
large  during  the  time  the  jammer  is  on  due  to  the  target 
maneuvers,  however*  when  the  jammer  turns  off  it  is  not 
necessary  to  center  tne  target  in  tne  doppler  spectrum  before 
determining  tne  angle  errors  as  long  as  the  target  Is  still  In 
one  of  tne  FFT  doppler  cells. 
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Figure  20  Angle  TracKing  Error  Generation  Spectrum 
Analyzer  Implementation 

£ie£li.AQl£-LQU£la.Lrti&&2UL&a  - The  E C CH  techniques  that 
are  considered  in  each  radar  sensor  address  ECM  threats*  such  as* 
barrage*  spot*  and  deceptive  jammers.  The  spot  and  barrage 
janitors  are  best  handleo  by  a homo-on-jam  type  receiver.  The 
digital  signal  processor  is  capable  of  handling  this  type  of 
signal  as  a normal  signal  and  is  able  to  identify  tne  Jammer 
signal  fro*  a sain  tracn  signal.  The  use  of  a narrow  band  front 
end  filter  at  ki  provides  the  following  additional  advantages. 
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1*  Inly  energy  within  the  pass  band  of  these  filters  can 
degrade  missile  performance.  As  an  example* 
out-of-band  AH  or  FM  jammer  energy  will  not  result  in 
cross  modulation  products  being  developed  in  the 
front  or  rear  receiver  mixers. 

2.  The  front  and  rear  receivers  image  response  has  been 
suppressed  36  db  by  the  RF  pre-selection  filters.  In 
fact*  the  lack  of  image  suppression  results  in  the 
missile  seeker  being  equally  responsive  to  jammers  at 
tne  image  frequency.  A swept  noise  jammer*  as  an 
example*  could  be  within  the  seeker's  pass  band  twice 
every  sweep  effectively  doubling  the  duty  cycle  of 
receiver  jamming. 

The  deceptive  type  of  F CM  threat  can  best  be  handled  by  a 
combination  of  a monopulse  antenna  and  digital  signal  processing 
logic. 


The  use  of  a monopulse  antenna  and  the  simultaneous 
signal  processing  of  all  monopulse  antenna  channels*  greatly 
reduces  susceptibility  to  the  amplitude  modulation  type  jammer. 

<♦.2.2  Qifliiaj._x2^QAi£g^l£D&i-RxaLftaalDg 

From  the  foregoing  analysis  of  radar  sensor  tyoes 
applicable  to  air-to-air  missiles*  the  following  significant 
points  emerge  concerning  digital  versus  analog  signal  processing. 


Ill 


iffrriinVMni^idii, 


1)  Tne  digital  sign?.!  processor  has  an  analog-digital 
interface  with  the  front  receiver  only*  The  receiver 
furnishes  monopulse  data  and  AGC  levels* 

2)  The  range  and  doopler  tracking  loops  can  be  closed 
through  a digital  processor  as  In  the  case  of  the 
seeker  head  and  autopilot  loops* 

3)  The  digital  signal  processing  function  consists  of 
two  sub-functions;  spectrum  analysis  and  signal 
processing  logic  as  detailed  in  Section  A. 2. A* 

As  can  be  seen  from  the  basic  functional  block  diagrams 
for  the  three  radar  sensors  of  interest  (Figures  15,16  and  17), 
the  interface  between  analog  and  digital  signal  processing  has 
been  defined  to  be  at  that  point  In  the  receiver  where  the  signal 
spectrum  has  been  narrow-banded  (e.g.,  from  1.0  KHz  to  20*9  KHz 
IF  bandwidth).  However,  for  the  pulse  doppler  radar  sensors,  one 
could  consider  moving  the  analog-digital  interface  "up-stream"  to 
the  pulse  compression  function.  There  are  both  advantages  and 
disadvantages  to  doing  this  and  these  are  discussed  In  the 
following  sect  ions • 

<*.  2.2.1 

A functional  signal  processing  block  diagram  for  the 
monopulse  sum  channel  is  snown  in  Figure  21(A)  where  the  analog 
digital  interface  has  been  moved  forward  to  Include  the 
pulse-compression  function.  Shown  in  Figure  21(8)  for  comparison 
v rposes,  is  the  equivalent  signal  processing  functional  block 
diagram  where  analog  pulse  compression  is  used.  It  should  be 
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digital  vs  Analog  Pulse  Compression  - Functional 
Block  Diagrams 


noted  that  there  are  other  possible  configurations  utilizing 
digital  pulse  compression  such  as  converting  back  to  analog  after 
pulse  compression. 

Signal  processing  utilizing  digital  pulse  compression  can 
be  divided  into  five  major  subsystems:  Demodulator » sampler  and 

quantizer*  pulse  compressor*  roughing  filter*  and  spectrum 
analyzer.  The  demodulator  converts  the  chirped  signal  spectrum 
centered  in  the  IF  passband  into  baseband  in-phase  and  quadrature 
channels.  The  demodulator  consists  of  an  IF  frequency  local 
oscillator  with  quadrature  outputs  feeding  a balanced  mixer  pair 
followed  by  two  low  pass  filters  to  separate  the  baseband  1 and  Q 
terms  from  the  mixer  2nd  harmonic  terms.  The  sampls/hold 
circuits  continuously  sample  each  channel  followed  by  two  A-D 
converters  encoding  the  sampled  time-varying  channels  Into  a 
cor r espondl ng  digital  data  stream.  The  signal  processing  from 
tnis  point  onward  is  entirely  digital. 

Pulse  compression  Is  performed  on  the  chirped  signal  by 
Fourier  transforming  the  signal  channel*  using  the  Cooley-Tukey 
FFT  algorithm*  and  then  multiplying  it  by  its  matched  filter 
spectrum*  and  transforming  the  resulting  dechiiped  signal  back  to 
the  time  domain  witn  another  FFT  operation.  At  the  same  time*  a 
function  analogous  to  range  gating  has  takan  place  In  the  A-D 
conversion  process*  as  each  time  sample  corresponds  to  a sample 
In  range.  The  dechirped  pulses  from  the  pulse  compressor  are 
integrated  in  a digital  bandpass  filtar  which  Is  essentially  N 
filters*  filtering  N sets  of  range  samples.  This  is  analogous  to 
the  H roughing  filters  used  In  the  N range  channels  In  the  analog 


pulse  compression  system  shown  in  Figure  21(B)*  It  is  in  these 
filters  that  both  systems  obtain  the  major  portion  of  their 
clutter  rejection.  At  this  point  in  the  digital  process*  the 
bandwidth  of  each  of  the  N multiplexed  channels  has  been 
sufficiently  narrowed  to  allow  the  sample  set  from  the  roughing 
filter  to  be  sampled  or  "thinned".  The  thinned  data  stream  Is 
then  processed  by  a Doppler  spectrum  analyzer  routine;  data  being 
first  digitally  time  weighted.  A spectrum  analysis  Is  then 
performed  on  each  D»el I/Burst  for  each  of  N range  cnennels  by 
performing  an  FFT  on  the  digital  sample  set. 

The  process  of  pulse  compression  can  be  best  illustrated 

by  observing  figure  22.  A chirped  pulse  anywnere  in  the  sampling 

interval  his  the  same  amplitude  spectrum  and  quadratic  phase  term 

but  has  a different  linear  phase  term  depending  upon  its  position 

in  the  sampling  interval.  If  the  time  reference  Is  taken  to  be 

tne  center  of  that  interval,  then  a pulse  fit)  centered  in  that 

interval  his  a transform  F'  y) , n pulse  shifted  to  the  right*  fit 

- jlUT 

- T I,  a transform  Ftw  )e  and  a pulse  shifted  to  the  left,  fit 

- jtt)T 

♦ j ),  a transform  FJ^fe  . hatched  filtering  by  multiplying  by 
tne  complex  conjugate  spectrum,  F*t«  )*  simply  removes  the 
ouaoratic  pnase  term,  compressing  the  pulse  in  the  time  domain, 
but  leaves  the  linear  phase  tern  intact  and  thus  maintaining  the 
pulse's  Position  in  the  sampling  interval.  For  an  Idaal  pulse 
compression  tne  transformation  would  be 

Ft  u,l  f (w  )•  < > SiOtl-r-I-l 

ft  - t ) 
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weighting  of  the  tine  sldelobes  can  be  implemented  by 
multiplying  the  matched  filter  function  F»<  a)  by  a frequency 
weighting  function,  W(u>  ),  to  mismatch  the  filter  slightly  but 
redjce  the  size  of  the  tine  sldelobes. 

It  has  been  determined  for  the  purposes  of  this  study 
that  digital  pulse  compression  will  not  be  considered  for  sizing 
the  computer  loads  presented  in  Section  6.0.  Present  technology 
favors  analog  pulse  compression  using  acoustic  dispersive  delay 
lines,  especially  for  airborne  applications  where  a Dremium  is 
placed  on  smell  s i ze • weight*  and  power  consumption.  The  design 
and  development  of  the  acoustic  dispersive  delay  lines  has  made 
significant  advances  over  the  past  several  years  negating  some  of 
the  motivation  for  the  development  of  d 1 9 i a I pulse  compression 
systems.  However*  digital  pulse  compression  does  offer  some 
significant  advantages  for  many  applications  where  a premium  is 
not  placed  on  size  weight*  and  power.  The  advantages 
/disadvantages  of  digital  pulse  compression  relative  to  analog 
pjlse  compression  are  summarized  in  Table  17. 
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TABLE  17 


ADVANTAGES/D1S-ADVANTAGES  OF  DIGITAL  PULSE  COMPRESSION  RELATIVE 

TO  ANALOG  PULSE  COMPRESSION 

ADVANTAGES  D I S -AD V ANT AGE S 


o Performance  - Can  be  close 
to  theor et i ca I » better  side- 
looe  levels  can  be  achelved. 

o stability  - Compression 
performance  not  affected 
by  temperature  or  age. 

o Mexibitliy  - Stored 
matched  filter  function 
can  be  readily  modified 
to  handle  other  waveforms. 

o Time  sidelouc  *teouction  - 
the  stored  matched  filter 
function  tan  include 
Spectral  weighting  to 
reduce  sidelcbe;  C^.g., 

,os  f r eo  *»•  i 9ht  i ng ) . 


o A-D  Converter  - Must  be 
wideband  and  have  a wide 
dynamic  range  (e.g.»  ID 
MHz  chirp  reqjires  10  MHz 
Data  rate;  approx.  70  db 
dynamic  range  required  in 
clutter  environment  implies 
11  to  12  bits) . 

o Physical  Characteristics  - 
size,  weight,  power  con- 
sumption greater  than 
acoustic  dispersive  delay 
I I nes . 
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4.2.3  iaACix.iim.AD&i^2AX^l^a6.aiaIlai.<SJ4iBai-Eiocftasats 


A functional  block  diagram  outlining  the  basic  structure 
of  the  spectrum  analyzer  type  of  digital  signal  processor  is 
shown  in  Figure  23.  This  type  of  digital  signal  processing  is 
used  for  all  three  types  of  radar  sensor  selected  for  air-to-air 
missile  applications.  The  only  variation  in  this  configuration 
for  the  different  sensor  types/missile  classes  is  the  number  of 
channels  multiplexed  for  A-D  conversion  and  processing.  This  is 
illustrated  in  Figures  24  and  25  which  show  the  functional  signal 
processing  block  diagrams  of  the  CW  and  PD  radar  seekers 
respectively  • 
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Figure  23  Radar  Signal  Processing  Functional  Ftowf  Hybrid  Analog 

with  Digital  Spectrum  Analyzer 


Tne  CW  radar  seeker  utilizes  three  Identical  spectrum 
analyzer  channels  to  process  the  monopulse  signals  In  the  target 
track  motfr'and  a single  channel  to  process  only  the  sum  signal  in 
tha^Tcquis 1 1 1 on  mode.  The  only  difference  between  the  track  mode 
spectrum  analyzer  and  the  acquisition  mode  spectrum  analyzer 
being  the  width  of  the  spectrum  analyzed  (i.e.»  the  intermediate 
frequency  bandwidth  of  the  roughing  filter). 

The  PD  radar  seeker*  which  employs  range  tracking*  has  as 

a minimum  five  spectrum  analyzer  channels  in  the  track  mode 

(i.e.*  Z > A * A * Z ♦ * Z - - splltgate).  The  number  of  spectrum 
P y 

analyzer  channels  in  the  acquisition  mode  depends  on  the  specific 
mis*  lie  mechanization  (see  candidate  sensor  configurations  In 
subsection  4.2 .1 ) • 

It  should  be  noted  that  the  FFT  type  of  spectrum  analyzer 
is  by  no  means  the  only  type  of  spectrum  analyzer  that  could  be 
used  in  conjunction  with  digital  signal  processing.  Recent 
advances  in  charge-coupled  devices  (CCD)  and  acoustic  delay  lines 
nave  made  analog  multi-channel  spectrum  analysis  a feasible 
alternative  to  digital  FFT  spectrum  analysis.  However*  for  the 
purposes  of  this  study*  which  is  to  develop  computer 
requirements*  tne  'FT  type  of  spectrum  analyzer  will  be  assumed. 


4.2.i. i ipaLJLLuui-Aoalyzmx-flaetalixm 


i 

i &ouaDlog.Liiiai  - The  purpose  of  the  roughing  filter  is 

* 

to  limit  the  extent  of  the  IF  signal  spectrum  being  analyzed. 
The  roughing  filter  Is  centered  on  the  part  of  the  spectrum 


required  by  controlling  the  frequency  of  the  radar  frequency  IRF) 
local  oscillator  UU).  In  the  track  Node*  the  estimated  doppler 
frequency  of  the  target  being  tracked  is  used  to  control  the 
local  oscillator  frequency*  In  the  acquisition  mode*  a search 
generator  controls  the  LD  frequency  by  moving  It  in  discrete 
steps  to  cover  the  doppler  ambiguity  region. 

Laa*£££iao~La«&a3&baod  - The  band  limited  IF  signal  is 
converted  to  Its  in-phase  and  quadrature  baseband  components  by 
mixing  the  IF  signal  with  an  in-phase  and  quadrature  IF  LO 
reference  followed  by  low-pass  filtering  to  eliminate  the  high 
frequency  second  harmonic  terms. 

AoaXn9rlQzQiai.laiULa0JUU.si.OD  - The  in-phase  and 
quadrature  baseband  signals  are  digitized  using  a single 
time-multiplexed  A-D  convertor.  The  use  of  a single  A-D 
convertor  to  digitize  both  channels  minimizes  hardware  and 
eliminates  channel  mismatch  errors  due  to  differences  In  A-D 
convertor  character i st I cs  fe.g.v  conversion  accuracy).  In 
multi-channel  spectrum  analyzers*  the  use  of  1 single  multiplexed 
A-D  achieves  considerably  mere  hardware  savings  compared  to 
dedicated  A-Ds.  The  A-D  sampling  rate  per  in-phase  and 
Quadrature  baseoand  channel  must  be  greater  than  or  equal  to  the 
IF  rougning  filter  bandwidth  to  prevent  spectral  fotdover 
(aliasing)  of  tne  spectrum  being  analyzed.  For  example*  if  the 
roughing  filter  bandwidth  Is  1.0  KHz*  tne  A-D  sampling  rate  per 
in-pna$e  and  quadrature  channel  must  be  at  least  1.0  kHz 
requiring  a composite  A-D  conversion  rate  of  Z «U  khz  for  a single 


complex  channel  spectrum  analyzer  and  2 6.0  khz  for  three  complex 
channel  system»  etc* 


Euilex-lanaL*  - A buffer  memory  is  also  required  since 
tne  FFT  processing  cannot  commence  until  at  least  one-half  of  the 
number  of  complex  data  samples  has  been  collected*  Also*  when 
multiple  complex  channels  are  sampled  (e.g**  signals  from 
multiple  range  gates  or  signals  from  the  three  monopulse 
channels)  jsing  a single  time-multiplexed  A-D»  the  complex 
samples  must  be  “rear r anged/sor ted"  Ireferred  to  as 
corner-turning)  prior  tc  FFT  processing*  in  this  case  FFT 
processing  is  delayed  until  all  of  the  complex  samples  for  a 
complete  dweil/ourst  have  been  input  to  the  bjfftr*  Such  a 
buffer  could  be  the  main  data  base  memory  of  a processor  as 
opposed  to  a separate  unit* 

CaLQftX.rlux.niog  - As  indicated  above*  a corner-turning 
operation  on  the  buffered  complex  samples  is  required  prior  to 
FFT  processing^  when  multiple-channel  Information  has  been 
collected  jsing  a single  multiplexeo  A-D*  The  data  sequenced 
into  the  buffer  for  K channels  may  be  represented  as: 

V1Ill)tV1Qll)lV2iUliV2Qll)i-VKxiniVKQmiV1il?),ViQl2  ) 

v1I(n),--0Cn) , vKQCn» 

For  fft  processing  the  oats  Is  rearranged  or  sorted  Into  the 
following  sequencer 

V|Xu>,r1Qm,v1Ii?»,w,Q(a>,— w1Q(ni,v2Im, v^im, 

VKim,WKQm*  VKQ,nl 
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... 


This  sequence  o!  complex  samples  allots  sequential 
orocessing  using  conventional  general  purpose  computer  indexing 
techniques  and  a single  2-point  transform  subr out ine/pr ogr am 
module  as  described  in  Section  6. 

- As  indicated  in  Figure  23, 

burst  amplitude  weighting  (sometimes  called  Burst  Time  Weighting) 
is  used  to  suppr ess/ reduce  spectrum  sidelobes  at  tne  expense  of 
broadening  the  spectrum  mainlobe.  The  theory  of  burst  amplitude 
weighting  is  explained  in  Appendix  B.  It  should  be  noted,  that 
tne  burst  amplitude  weighting  may  be  executed  on  the  complex 
samples  in  real-time  as  they  are  input  to  tne  buffer  instead  of 
after  the  corner- tur ni ng  operation. 

uXSl-t-uiiei-IxaiisioxB-ELOxeaaa.*,  - The  spectrum  of  the 
»dighted  dita  is  generated  py  using  a discrete  Fourier  transform. 
This  operation  can  be  represented  mathematically  as: 

N— 1 nk 

xi-O  • E x ( n)n  M 
n-0  w 

frne  r t , 

x(n)  * i.tn  complex  sample  of  the  data  sequence  being 
transformed 


^ - Mumoer  uf  complex  samples 

Tne  most  direct  computation  of  the  FFT  requires  an  amount 
of  computation  proportional  to  N 2*  however,  by  exploiting  the 
symmetry  and  periodicity  properties  of  the  complex  exponential 
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sequences,  a fast  Fourier  transform  procedure  has  been  developed 

wnich  dramatically  reduces  the  amount  of  computation  required 

2 

(i.e.  N I o g instead  of  N computations).  FFT  processing  is 
explained  in  more  detail  in  subsection  4.2.4. 


4.2. 3.2  &asi£_£p££iLUJD_Ai)aJL^fii._&£iaiiQn2&ips 


Tne  spectrum  of  interest  is  defined  by  passing  the  signal 
to  be  analyzed  through  a roughing  filter.  The  roughing  filtering 
can  be  performed  on  the  in-phase  and  quadrature  baseband  signals 
or  at  IF  The  bandwidth  of  the  baseband  roughing  filters  is 
one-half  the  bandwidth  of  the  IF  roughing  filter  to  preserve  the 
same  signal  spect/um. 


6 = 20 
IF  BB 


The  A-D  convertor  rate,  f , must  &e  sufficiently  nigh 

A-D 


to  satisfy  the  \yquist  criteria  for  the  roughing  filter  output 
spec  tr  um.  i.e. 


f A-D  * *IF 


or 


fA-D*2*BB 


The  data  collection  interval. 


B 


, (also  called  burst 


time  or  dwell)  is  determined  by  first  specifying  the  desired 


spectrum  granularity  or  IFFT  doppler  cell  width,  6( 
versa,  i.e. 


CELL 


) or  visa 


*B  * 


Tr*’ — 
dcell 


The  number  of  points  in  the  FFT  spectrum  is  the  same  as 
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tne  number  of  original  oata  points  taken*  . The  total 

FFT 

bandwidth  covered  by  the  FFT  spectrum  Is  the  product  of  the 
number  of  data  points  and  the  FFT  doppler  cell  width,  i.e. 


a 

FFT 


f 

A-D 


FFT 


T 

B 


6cell 


The  effect  of  burst  time  weighting  is  to  reduce  the 
amplitude  of  the  spectral  sidelobes  at  the  expense  of  broadening 
tne  spectrum  mainlobe.  For  cos i ne-squa r ed  amplitude  weighting* 
the  3db  width*  g of  the  weighted  spectrum  is: 


A • 


1.6  g 


CELL 


Burst  amplitude  weighting  theory  is  discussed  in  Appendix 


Tne  above  spectrum  analyzer  relationships  are  illustrated 

in  Figure  26*  Also  shown  in  this  figure  is  an  example  of  the 

spectrum  of  a sinusoidal  signal.  Note*  that  the  position  of  the 

FFT  spectral  samples  relative  to  the  peak  of  the  envelope  of  the 

signal  spectrum  depends  on  tne  exact  signal  doppler*  f • 

t 
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Figure  26  Basic  Spectrum  Analyser  Relationships 
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The  function  of  a radar  sensor  and  associated  signal 
processor  at  any  given  time  in  air-to-air  target  engagements  is 
determined  by  tne  progress  through  a specific  chain  of 
interrelated  operational  inodes  culminating  in  the  acquisition  and 
tracKing  of  tne  designated  target.  For  the  radar  sensors 
described  in  this  report  the  following  seven  operational  modes 
nave  oeen  de 1 i ned : 

1 ) Pr  e- iaunch 

2)  launcn 

3)  Clutter  Acquisition 

4)  Target  Acquisition 

5)  Track  Initiation 

S)  Target  Track 

7)  Mainlobe  Clutter  Track 

Tne  resignation  of  any  one  of  the  above  nodes  for 
senior  operation  requires  a control  hierarchy  and  modular 
structure  similar  to  tnat  described  in  Subsection  <>.6  for  missile 
mode  control  in  single  computer  systems. 

Figure  27  snows  a compatible  control  structure 
autonomous  to  radar  subsystems*  with  a real-time  executive 
oerfor  ing  tne  functions  of:  mode  designation*  conflict 

'esutution  and  input-output  interface  with  associated  avionics 
:*nd  missile  subsystems  md  real-time  inputs,  individual  mooe 
su^r  isors  are  called  by  tne  executive  In  accordance  with  mode 


r 

i 

Figure  Z 7 Radar  Sansor  Mode  Control*  Modular  Hierarchical 


Program  Structura 


L 


i.  i 


salactlon  logic  routlnaa  responsive  to  status  Inputs  Iron  tha 
node  supervisor  programs  and  external  Inputs  to  tha  sansor 
subsystee*  Mode  supervisors  in  turn  call  tha'  required  radar 
signal  processing  prograa  nodules  fe*g*  post-detection 
Integration*  beta  blanking  logic  etc*!  described  In  subsection 
4*?*$  which  again*  in  turn*  call  for  supporting  utility  routines* 
Sucn  a progran  control  structure  provides  the  necessary 
nodularity  and  flexibility  to  enable  d if f erent/ laproved  radar 
sensor  types  to  be  accoaodated  at  a later  date  without  aajor 
redesign  of  the  software* 
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Both  the  executive  program  and  the  individual  mode 
supervisors  are  described  in  greater  detail  in  the  following 
paragraphs.  Supporting  signal  processing  program  modules  are 
described  in  the  following  subsection. 

^.2.4.1  £x£&uli*&_££ngi.aj& 

Figure  28  is  a first-level  flow  diagram  of  the  radar 
mode  control  executive  program  which  is  applicable  to  all  radar 
sensor  types  selected  in  this  study.  Decisions  to  select  or 
change  modes  are  made  by  the  executive  program*  based  on  flags 
raised  by  the  individual  mode  supervisors  indicating  mode 
complete/ incomplete  or  results  demanding  alternative  mode 
selection  and/or  input-output  actions. 


r 
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Figure  28  executive  Control  Flow  Diagram 

Coo«encin9  w I tn  in#  Pre-Launch  Mod#,  the  launch 
aricraft  designates  target  velocity  land  range  for  PD  sensors)# 
to  the  aisslle  radar  sensor,  in  the  Launch  Hoot,  initiated  by 
gam  lical  separation  froe  the  launching  aircraft#  predicted 
target  and  eainiobt  clutter  ioppler  frequencies  are  computed. 
Based  on  the  predicted  doppters#  a decision  Is  aide  by  the 
executive  as  to  whether  or  not  eainlobe  clutter  oust  be  acquired. 
If  no  clutter  fug  is  set#  tne  target  Acquisition  node  is 
selected  and  conversely#  In  a clutter  situation  tne  Clutter 
Acquisition  node  is  initiated#  eainlobe  clutter  Is  acquired#  and 
its  doppler  noted.  In  the  target  Acquisition  node#  signal 
processing  algorithms  restrict  the  search  reeion  to  avoid  tne 
eain-lobe  clutter  signal* 


Note*  tnat  for  missiles  employing  mid-course  guidance*  the  radar 
Launch  Mode  is  effectively  prolonged  until  the  acquisition  phase 
is  called*  li.e*  tnc  predicted  mainlobe  clutter  and  target 
doppler  are  updated  on  a regular  basis)*  If  target  acquisition 
is  attempted  anj  no  targets  are  detected*  a cneck  Is  aade  to 
determine  if  the  missile  is  being  jammed*  if  no  jam/i*ng  is 
detected*  a Target  Search  Generator  program  is  railed  which  moves 
tne  target  acquisition  roughing  filter  in  discrete  steps  over  tne 
computed  range  of  possible  target  dopplers  until  a detection  Is 
obtained*  After  the  target  has  been  acquired*  control  is 
transferred  to  the  Track  i ni t i at i on  Mode  supervisor*  This 
supervisor  provides  tne  verification  of  target  acquisition  by 
re-acquiring  the  target  in  a narrower  bandwidth  (smaller  doppler 
cell).  Also*  in  this  mode*  tne  range  and  doppler  tracking  loops 
are  initial i?ed. 

in  tne  Target  Track  Mode*  boreslgnt  errors  are 
generated  for  skin  track  or  jamming  targets*  and  range  and 
doopitr  trading  errors  for  skin  track  targets*  These  data  a rt 
used  in  the  rlnal  guidance  data  troctaaing  along  with  a track 
Quality  indicator*  I T Q 1 1 * which  is  affactivaty  a measure  of 
signat-to-notse  ratio  for  tha  skin  track  modi  or  jammar -to-no» te 
ratio  for  tne  noma-on-jam  modi*  On  a regular  basis  during  tha 
ti**  tn«  t : ge  t is  rein?  sk  in-tr  acktd*  the  executive  calls  the 
Clutter  track  Mode  supervisor  wnicn  provide?  an  update  of  the 
•ain-iobe  clutter  dopuLi  • f the  target  doppler  approaches  “too 
close**  to  tne  mainlobe  clutter  uoppler*  the  Tul  signal  is 
modi  f ieo  to  indicate  that  a -clutter  coast**  is  das* red  until  tha 


target  doppler  either  increases  or  drops  below  the  main-lobe 
clutter  doppler.  Control  continues  under  the  Target  Track  Hode 
supervisor  until  target  Intercept. 

^ . 2 . 4 . 2 lad&.iijpei.ttisoxs 

The  supporting  radar  mode  supervisor  programs  are 
escribed  in  greater  detail  in  the  following  paragraphs. 

2X£iauD£h_!4ad£  - The  Pre-Launch  Mode  Supervisor  flow 
diagram  is  shown  in  Figure  29.  In  the  Pre-Launch  Mode*  the  first 
task  is  to  lock  up  the  missile's  rear  receiver  to  the  RF 
frequency  that  the  A1  radar  is  using  to  illuminate  the  target. 
This  is  an  all  analog  step  requiring  no  digital  signal 
processing.  After  rear  lock  is  accomplished*  the  target  doppler 
frequency  is  designated  to  the  missile  by  injecting  an  RF  signal 

r 

into  the  missiles  front  receiver  that  has  a frequency  offset 
proportional  to  tne  target's  doppler.  In  this  process*  the 
missiles  acquisition  roughing  filter  is  moved  In  discrete  steps 
over  the  complete  target  doppler  ambiguity  region  until  a 
detection  is  obtained.  After  the  injected  video  has  been 
acquired  a "Pre-Launcr  Hode  Complete"  flag  is  set. 
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ENTER 


Exit 


Figure  29  Kadar  Prelaunch  Mode  Supervisor*  Flo*  Diagram 

Laun£D_&Q4e  - The  Launch  Mode  Supervisor  flow  diagram 
Is  shown  in  Figure  jO.  The  Launch  Mode  Is  called  when  the 
Pre-Launch  mode  is  complete  and  a Misslle-Away  Indication  Is 
received  by  the  executive.  Tn«  purpose  of  the  computations  made 
in  Launch  Mode  is  to  predict  the  mainlooe  clutter  ( MIC ) doppler 
and  target  doppler  used  for  the  purpose  of  initializing  the 
Clutter  anj  larget  Acquisition  Modes*  Also*  based  on  these 
predicted  dopplers*  a decision  is  made  by  the  executive  to  bypass 
the  clutter  acquisition  phase  if  the  doppler  separation  between 
tne  ml(  and  the  target  is  large  enough. 
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Aii  indicated  in  Sect  I on  lt  if  a * l tlcour  st»  mode  Is 

employed,  the  executive  will  continue  to  designate  the  Launch 
''Ode  Supervisor  to  r ec y c I e/ r e f r e sh  the  doppler  predictions  until 
completion  of  midcourse  is  indicated  by  the  guidance  data 
pr  o ~ = ss i ng. 


ENTt  R 


♦•EXIT 


COMPUTE  VCC 
position  for 
PREDICTED 
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Figure  7J  Kadar  Launch  Mode  Supervisor,  Flow  Diagram 

LiiiXliiL^Acauisiliun-SiQda  * The  logic  flow  diagram  for 
the  Clutter  Acquisition  Mode  Supervisor  is  shown  in  Figure  31. 

The  Clutter  Acquisition  Mod*  is  called  prior  tc  tne  Target 
Acquisition  Mode  *ne n tne  possibility  of  the  target  doppler  being 
contuseu  with  tne  ciutter  doppler  exists.  Tne  first  step  in  this 
procedure  Is  to  center  the  acquisition  roughing  filter  (filters 
for  tne  range-gated  Pg  systems)  on  the  predicted  clutter  doppler. 


Figure  31  xadar  Clutter  Acquisition  Node  Supervisor, 

Flow  0 iayram 


An  acquisition  sequence  is  then  performed  which 
consists  of  ten  consecutive  5 msec  dwells.  On  eacn  dwell  tne  F F T 
is  computed  (or  each  range  channel  resulting  in  a matrix 
consisting  ct  M range  cells  and  N doppler  cells.  Tne  magnitude 
of  tue  compUx  signal  in  each  r ance -oopp  I er  cell  is  calculated 
and  placed  in  an  average  value  xn  array.  The  outouts  fcr  10 
d«eiis  are  summed  in  this  array  (this  process  is  called 
post-detection  integration)  to  give  an  improvement  in 
s * gna I - to-no  i se  ratio,  wnen  the  10  dwells  nave  been  completeo«  a 
detection  ortceaure  is  performed  on  eacn  range  channel  using  a 


sliding  window  type  of  thresnold.  (See  Section  4.2*5  for  a 
description  of  the  FFT/PD1  logic  and  detection  with  sliding 
threshold  logic) • The  resulting  signals  that  pass  the  detection 
thresnold  are  tnen  summed  in  the  range  dimension  resulting  in  a 
doppler  array  containing  the  sum  of  the  signals  that  have  passed 
tne  threshold.  This  array  is  then  searched  to  locate  tne 
greatest  return  which  is  designated  the  mainlobe  clutter  and  its 

doppler,  ft  saved.  note,  this  doppler  is  used  to  initialize 

MLC 

the  clutter  track  filter  (see  Section  4.2.5). 

If  the  mainlobe  clutter  is  successfully  identified,  a 
“Clutter  Acquisition  Complete"  flag  is  set  and  the  executive 
responds  by  catling  the  Target  Acquisition  Mode  supervisor.  If 
mainlobe  clutter  is  not  identified,  the  Jammer -to-Noi se  ratio  is 
computed  to  determine  if  the  missile  is  being  jammed  thus 
obscuring  main-lobe  clutter.  If  the  missile  is  being  jammed  a 
flag  is  set,  the  executive  tnen  transfers  control  to  tne  Tract* 
Node  Supervisor,  and  target  acquisition  is  bypassed.  If  the 
missile  is  not  using  jammed,  clutter  acquisition  is  again 
attempted  and  it  after  a specified  number  of  attempts,  mainlobe 
clutter  has  not  been  acquired  (no  flag  set),  the  executive  calls 
tne  Target  Acquisition  Mode  Supervisor. 
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Iaigiil.ALauiailifin.tlodfi  * The  flow  diagran  for  the 
Target  Acquisition  vnde  Supervisor  is  snovn  in  Hyure  32. 
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Mgure  32  ttadar  Target  Acquisition  Mode  Supervisor* 

Mow  Diagram 


Tne  first  part  of  the  control  sequence  is  concerned  with 
determining  tne  initial  position  of  the  acquisition  roughing 
filterfs)'  knether  or  not  target  acquisition  must  take  place  in 
a clutter  environment  is  indicated  by  tne  clutter  acquisition 
complete  flag  set  by  the  Clutter  Acquisition  Mode  Supervisor*  i 
acquisition  must  take  place  In  a clutter  environment*  tne 
acquisition  roughing  filter  is  positioned  sucn  that  Its  low 
frequency  corner  is  approximately  1 KHz  ebove  the  mainlobe 


clutter  doppler  for  approacning  targets  and  its  hign  corner  1 KHz 
belo*  tne  nainlobe  clutter  uoppler  for  receding  targets*  For 
appruacning  targets  in  a non-clutter  environment*  tne  high 
frequency  corner  of  tne  rou9h«ng  filter  is  positioned  at  the 
upper  eoge  of  trie  target  doppler  uncertainty  region. 


Ince  the  initial  rougning  filter  position  is 
determined*  subsequent  roughing  filter  positions  and  range-gate 
positions  are  determined  by  the  target  r ange/doppler  search 
generator  program  module  which  is  discussed  in  detail  in 
subsection  4.2.6.  The  target  Range/ Dopp  I er  searcn  generator 
generates  a sequence  of  range  gate  and  roughing  filter  positions 
sucn  that  the  target  range  and  doppler  ambiguity  region 
(designated  as  one  search  "Frame”)  is  covered  in  cyclic  manner. 
For  example*  if  three  range  and  doppler  positions  are  reQuired  to 
cover  tne  amibiguity  region: 


— -vR*F  ,a  F fR  F fk  F ,«  F ,K  F ,R  F *R  F ,R  F 
33  11  21  3 112  2233  11  21 


Frame 


-■4*- 


•Frame 


For  a specified  range  and  doppler*  a target  acquisition 
sequence  is  performed  tnat  is  ’uentical  to  that  performed  to 
acquire  mainlobe  clutter.  Tne  only  difference  is  tnat  after 
detection  with  me  sliding  window  threshold*  the  detected  signals 
ate  not  summed  in  range.  If  there  has  oeen  ono  or  more  targets 
detected  tor  this  runge-doppl e r position*  tne  "target  acquisition 
complete**  flag  is  set  and  the  execgtive  proceeds  to  call  up  the 
Track  Initiation  Hode  Supervisor.  If  tnere  were  no  target 
detections*  tne  Jammer -to-No i se  ratio  is  computed.  If  it  is 
determined  that  tne  missile  is  being  jammed*  the  executive 
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immediately  designates  the  Track  Mode  Supervisor  where  x 

Home-On-Jam  track  wilt  be  initiated.  If  the  missile  is  not  being 
jammed,  the  supervisor  calls  up  tne  target  Range/Oopp I er  search 
generator  which  generates  the  range  and  doppler  positions  for  the 
next  part  of  the  Range/ I e r ambiguity  region.  This  process 
continues  until  target  acquisition  is  accomplished. 

lLa£Jt-l£>iliali£Q_ttod&  - The  flow  diagram  for  the  Track 
Initation  *adar  Mode  Supervisor  logic  is  shown  in  Figure  33.  The 
Track  Initiation  Mode  performs  the  function  of  acquisition 
verification  by  reacquiring  the  target  in  a na r r owe r -band 
roughing  filter  and  a narrower  doppler  cell  (i.e.y  the  track 
••dwell”  of  20  to  qo  msec  as  opposed  to  3 msec).  The  Track 
Initiation  Mode  also  furnishes  estimates  of  range  error  ana 
doppter  error  for  guidance  data  processing  to  initialize  the 
range  and  doppler  tracking  fitters. 

Tne  first  step  in  the  Track  Initiation  Mode  is  to 
center  the  narrow-band  track  mode  roughing  filter  and  tne  track 
mode  range  gate  on  the  range  and  doppler  ••coordinates'*  found  in 
target  acquisition.  The  spectrum  of  the  roughing  filter  Is  then 
txanined  using  an  Ff  »'  or  a single  dwell.  Target  detection  for 
:n  range  channel  is  again  accomplished  with  a sliding 
thr csnold. 
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Figure  33  Radar  Track  Initiation  Mode  Supervisor*  Flow  Diagram 


Note  that  a minimum  of  three  range  channels  are  involved  in  this 
orocess  (one  channel  for  an  SA-tk  missile)*  namely!  the  sum 
channel  main  tracking  gate  and  the  leading  and  lagging  spilt 
gales  which  are  used  to  determine  range  error.  If  target 
acquisition  is  accomplished*  the  r*nge  and  doppler  tracking 
errors  are  computed  and  a "track  initiation  complete"  flag  Is 
set*  if  target  acquisition  is  not  accomplished*  the 
Jammer -to-No Ise  ratio  Is  computed*  If  the  missile  is  found  to  be 
Jamie  a*  the  executive  designates  tne  larget  Track  Mode  Supervisor 
(for  -13 j Tracking).  If  the  missile  was  not  being  jammed* 


reacquisition  is  attempted  for  a specified  number  of  times  and 
tnen  control  reverts  back  to  the  Target  Acquisition  Mode 
Super v i sor . 


lax-OfiX-Iiacfc-Hfida  - Flow  diagrams  illustrating  the 
Target  (Skin)  Track  Mode  Supervisor  logic  are  shown  in  Figure  34. 
Tne  objective  of  this  logic  is  to  continuously  provide  target 
track  information  for  guidance  data  processing  on  tne  target 
being  engaged  whether  or  not  that  target  is  being  ‘•skin-tracked" 
or  is  jamming.  An  explanation  of  tne  track  mode  of  operation  is 
given  below* 

Tne  first  step  in  the  target  track  mode  control 

sec 4ence  Is  to  center  the  track  roughing  filters  on  the  predicted 

target  doppler  and  the  track  range  gates  on  tne  predicted  target 

range*  both  these  estimates  are  generated  by  tne  guidance  data 

processing  modules*  Uata  is  then  collected  for  a single  dwell 

(typically  «*0  to  <*0  msec  as  opposed  to  5 msec  in  tne  acquisition 

model*  For  an  :>A-Cd  radar  sensor . data  Is  collected  for  3 

channels  (£•  £ I*  For  tne  PD  radar  sensor , data  Is  collected 

P y 

on  two  additional  cna  nets  to  allow  a determination  of  raitge 
error  using  a split  range  gate  on  the  monopulse  sum  channel. 

After  commutation  of  tne  channel  spectrums  using  an  FFTf  a 
detection  process  id  performed  on  tne  sum  channel  main  tracking 
gate  to  determine  if  any  skin  track  targets  are  present*  if  at 
least  one  target  is  present  crack  processing  continues  In  tne 
skin-tiac*  mode  and  tha  next  step  is  to  determine  if  any  of  tne 
detected  targets  lie  outside  the  seeker  antenna  mainlooa# 


142 


F i 911  f 34  ftadar  Target  Track  Mode  Supervisor, 

Fhn  Dlagraa 
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r n i s is  done  by  tne  Beta  Blanking  logic  nodule  which  is  described 
In  Section  4.2.6.  If  m targets  are  found  in  tne  seeker 
mainlobe*  the  track  quality  indicator  (TCI)  proyrae  nodule  is 
executed  which  in  turn  provides  an  output  to  the  guidance  data 
processing  group  indicating  that  no  targets  have  been  found. 

After  a specified  number  of  observations  with  no  target  showing 
up  in  the  seeker  mainlobe*  tne  executive  is  flagged  and  node 
control  is  switched  back  to  tne  Target  Acquisition  Supervisor. 

For  ali  targets  passing  tne  Beta  blanking  check,  the  pitch  and 
yaw  boresight  errors  ana  the  range  and  doppler  tracking  errors 
arc  computer.  Inese  algoritnms  are  discussed  in  detail  In 
Section  4.2.6.  Tne  next  step  is  to  compute  tne  TQ1  for  tne 
angle*  range*  and  doppler  errors.  The  TCI  function  indicates  the 
signal-to-no ise  ratio  for  each  error  which  is  inversely 
proportional  to  the  variance  on  tne  measured  errors*  i.e. 

* 1 1 1 
°cp  “ Sc7n*  °AK  * S”?N" 

The  detailed  TQ1  logic  is  explained  in  section  4*2.6. 

Target  selection  logic  is  employed  immediately  after 
tne  IU  function  to  select  a single  target  when  multiple  targets 
ar«  present  plus  tne  logic  necessary  to  handle  range  and/or 
ooppler  gate  stealer  types  of  deceptive  CCM.  Tne  details  of  the 
target  selection  logic  are  described  in  Section  4.2.6* 


If  no  targets  Mere  detected  In  the  output  of  the  £ 
channel  main  tracking  gate*  the  j channel  Jammer -to-No ise  (J/N) 
ratio  is  computed  to  determine  if  tne  seeker  is  being  jammed.  if 
the  seeker  is  not  being  jammed*  a missed  look  flag  is  set  to  tell 
t rui  function  that  no  data  is  availaole  on  tnis  dwell.  After 
a specified  number  of  missed  looks  in  a row*  the  executive 
redesignates  the  Target  Acquisition  Supervisor.  If  jamming  is 
detected!  the  Home-un-Jam  JhOJ)  flag  is  set  to  inform  the  TbI 
program  module.  If  the  jamme r -to-nolse  ratio  is  large  enough* 
tne  HO J boresignt  errors  are  computed  from  a single  FFT  cell. 

Inis  alfOMS  the  radar  sensor  to  take  advantage  of  the  difference 
in  jammer  spectrums  to  possibly  obtain  guidance  data  or  a single 
jamxer  in  a multiple  jammer  formation.  If  the  J/N  ratio  is  not 
adequate  for  tnis  purpose*  the  ooresight  errors  are  computed  for 
all  FFT  cells  and  averaged  to  obtain  a single  pitch  and  yi*  error 
estimate,  tine  noJ  angle  error  algorithm  is  the  same  as  that 
sno«n  for  skin  track  which  are  discussed  in  sjbsoction  <♦.*.&). 
beta  blanking  is  used  to  eliminate  jammers  in  tne  sidelobes.  if 
tne  jamming  target  passes  tne  beta  blanking  check*  it  is  further 
examined  by  the  radar  angle  gate  logic  Isubsectkon  A.a.si.  Tne 
objective  of  the  radar  angle  gate  logic  is  to  force  early 
resolution  of  a single  blinking  jammer  in  a multiple  blinking 
j.tmier  environment.  After  passing  these  cnecxs  the  TUI  is 
computed  and  the  data  used  by  the  guidance  data  processing 
modules.  Mote*  m the  case  where  tne  nbj  ooresignt  error  to$c) 

Is  computed  for  only  a single  FFT  cell*  if  either  beta  olanking 
or  rtdial  angle  gate  logic  rasets  it*  tne  multiple  cell  bit  is 
computed  in  an  endeavor  to  obtain  useable  guidance  information. 
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aaiDrLobe-LimiftL_Ii.a£k~ttfide  - The  objective  of  the 
Clutter  Track  Mode  Supervisor  is  to  keep  track  of  the  mainlobe 
clutter  doppler  when  the  target  engagement  . s taking  place  under 
ground  clutter  conditions.  The  functional  logic  flow  diagram  for 
tne  Clutter  Track  «oie  Supervisor  is  shown  in  Figure  35.  Tnis 
operation  is  the  same  as  tne  Clutter  Acquisition  hoi*.  If 
mainlobe  clutter  is  acquired,  tne  nalnlobe  clutter  trackiig 
,rrof*  A<MLC'  and  a track  quality  indicator  are  computed  and 
useo  by  the  guidance  processing  clutter  doppler  estimator  module. 


Mguie  35  *aoar  Clutter  Track  Mode  Supervisor*  Flow  oiagram 


• 2 . b lii,Hiii^fciXflL£5SlDg_UasiflD.LfeXluiLfcfflaDlS 

The  critical  signal  processing  parameters  for  several 
candidate  radar  sensor  systems  are  summarized  in  Table  16.  Tnese 
systems  and  their  associated  signal  processing  parameters  were 
cnosen  as  being  practical  and  typical  for  the  respective  missile 
c lasses. 

It  must  be  pointed  out  that  there  are  many  other 
possible  radar  sensor  system  configurations  and  waveforms  in 
addition  to  tnose  chosen  for  the  candidate  systems  in  this  study. 

Also,  there  is  considerable  latitude  in  the  selection  of  tne 
signal  processing  parameters  for  the  candidate  systems  e.g. 
number  of  range  gates,  rougning  filter  size,  etc.  To  determine 

i 

wnat  an  optimum  system  configuration  would  be  to  meet  a more 
specific/peculiar  set  of  mission  requirements  would  involve  a 
detailed  cost-performance  tradeoff  which  is  beyond  the  scope  of 
this  study,  however,  the  results  of  th i * study  do  indicate  the 
••cost"  in  terms  of  computer  s i z i ng/  I oad  ing  to  achieve  a system 
witn  a specific  guidance  capability.  Since  a modular  design 
approach  has  been  adhered  to,  the  flexibility  exit!  to  configure 
and  assess  alternative  systems. 

All  of  the  candidate  systems  defined  employ  digital 
signal  processing  for  botn  the  acquisition  and  track  modes.  Also 
'He  that  all  of  the  pulse  doppler  systems  employ  nigh  PRfs  for 
the  dual  purpose  of  eliminating  doppler  ambiguities  and  for 
maximizing  the  waveform  duty  cycle.  Tnis  means  tnat  tnese 
systems  are  range  ambiguous  and  cannot  provide  ranga  accuracy 
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better  than  tne  range  designation  accuracy  of  the  A1  radar* 

Tnere  is  a technique  to  measure  range  in  a range  ambiguous  system 
by  transmitting  multiple  PRFs  anc  tnen  processing  tne  results  by 
a mathematical  formu.ation  Known  as  the  MChinese  Remainder 
Tneorem”.  ^onever  » this  technique  nas  net  been  assjmed  In  any  of 
the  candidate  systems.  A brief  description  of  each  candidate 
radar  sensor  system  is  given  below* 
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The  siqnificani  digital  signal  processing  design 
parameters  fcr  the  Class  I»  $A-CW»  Radar  Sensor  snown  in  Table 
IB . The  target  ambiguity  region  for  the  SA-CW  sensor  is 
completely  searched  with  two  roughing  filter  positions.  For  each 
roughing  filter  position,  ten  5 msec  dwells  are  post-detection 
integrated  tc  improve  s igna I -to-no i se  ratio.  This  results  in  a 
frame  time  of  1U0  msec  (50  mse c/ sequence  x 2 sequences/ f rame  with 
one  sequence  s 10  dwells  x 5 msec/dwell  - 50  msec). 

In  tne  tracK  mode  tne  roughing  filter  bandwidth  is 
reduced  to  1.0  KHz  ana  data  for  three  monopulse  channels  is 
collected  over  a 20.0  msec  c*a  1 1 • A 40  msec  dwell  which  results 
in  25  Hz  doppler  cells  also  appears  to  oe  reasonable  based  on  the 
resjlts  shown  in  section  5.3  for  miss  distance  as  a function  of 
time  delay.  Tne  effective  time  delay  would  be  approximately  30 
msec  for  the  40  msec  dwell  (20  msec  from  center  of  dwell  to 
completion  plus  10  msec  for  signal  processing). 

4 . 2 . 5 . 2 Cla&s-li-^  j-ianaoil 

Tnere  are  actually  two  types  of  6A-PU  radar  sensor 
systems  shown  in  Table  18.  Tne  Class  21  missile  system  has  a 
dedicated  illuminator » whereas  the  Class  III  (max)  system  has  a 
shared  illuminator.  Note  that  the  Class  II  system  employs  both  a 
ran4e  and  doppler  search  to  cover  tne  acquisition  ambiguity, 
fnrae  range  gilt  and  two  roogning  filter  positions  ere  used  to 
cover  tne  ambiguity  region.  Tn-»  data  collected  at  each 
r ange-dopp I er  position  in  the  ambiguity  region  consists  of  ten  5 
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msec  dwells  (one  data  collection  sequence)  whicn  are 
post-detection-integrated  (P01)  to  improve  the  s i 9na I -to-no i se 
ratio.  Dne  frame  consists  of  six  data  collection  sequences  and 
takes  3u0  msec  150  msec  Per  sequence  = 5 msec/dwell  * 10  dwells)* 

In  the  track  mode , the  roughing  filter  bandwidth  is 
reduced  to  1.0  KHz  and  the  same  64-point  FFT  is  used  for  a ZD 
msec  dwell  whicn  yields  20  50  hz  wide  doppier  cells  covering  the 
l.D  KHz  bandwidth. 

4.2. 5.3  Class-lli-iiss! JfiS-.U=£U-.i£DSQXl 

This  system  differs  from  the  Class  I)  SA-PU  system  not 
only  in  that  it  is  an  active  system*  (on-board  PC  transmitter)! 
but  also  in  that  the  complete  range  ambiguity  (1*3  ^sec ) is 
searched  on  each  dwell.  The  complete  range  doppier  ambiguity 
region  is  searched  with  only  two  roughing  filter  positions*  As 
was  the  case  with  the  SA-CW  and  SA-pD  systems*  tne  data  collected 
for  eacn  r ange-oopp I er  position  is  ten  5 msec  dwells  which  are 
~>o$t-detect  i on-integrated  to  improve  s i gna  i -to-no » sa  ratio.  One 
frame  for  this  system  consists  of  two  data  collection  sequences 
and  takes  IDO  msec. 

Tne  track  mode  parameters  are  identical  to  tne  Class  II 
SA-pj  system. 
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'■» . 2 . 5 . q Class_lil-!laxA_&issil&s_ilAzRU_£ansai5l 


This  system  is  includea  as  representative  of  a more 
advances  Class  111  system.  Tne  primary  difference  between  this 
system  and  the  other  three  candidates  is  that  it  is  assumed  that 
tne  Al  radar  must  support  many  simultaneous  engagements  resulting 
in  short  dwell  times  at  a relatively  low  data  rate. 

Because  of  the  assumed  limited  AI  radar  dwell  time,  this 
system  searches  the  complete  range  doppler  ambiguity  space  on 
eacn  dwell*  It  is  not  possible  to  employ  post-detection 
-integration  because  of  the  limited  dwell  time.  Therefore, 
detection  decisions  are  made  each  dwell  (a  single  dwell 
constitutes  a frame  in  this  system).  Note  also  that  1*6  msec  out 
of  the  total  dwell  time  is  usee  tc  allow  filter  transients  due  to 
large  amplitude  out  of  t»and  clutter  to  die  out*  This  yields  the 
effective  dwell  time  of  6.<»  msec. 


In  tne  track  mode,  tne  Al  radar  dwell  time  does  not 
cnange.  The  track  signal  processing  parameters  are  unenanged 
from  acquisition  witn  tne  exception  that  only  five  channels  of 
data  are  processed  instead  of  fifteen*  Note  that  tne  capability 
of  processing  li  channels  exists  since  it  is  required  in  the 
acquisition  t>ode*  Therefore,  a more  sophisticated  ECCM  logic 
tnan  that  described  in  subsection  q*2*6  could  be  Implemented  at 
little  additional  cumputer  cost* 
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. I . 5 ii9Qai_Eia£&ssiQju£tQgLaD-HQdui&s_ 

In  this  subsection,  radar  signal  processing  algorithms 
ano  tneir  corresponding  program  modules  are  defined  for  selection 
according  to  th9  type  of  radar  sensor  used  in  a given  missile*  A 
total  of  twenty  one  unique  program  modules  nave  been  defined  for 
radar  sensor  control  and  signal  processing.  Seven  of  these 
modules  ISP-1  through  SP-7)  are  mode  supervisor  programs 
described  in  subsection  The  remaining  fourteen  modules 

ISP-9  V.rouyh  SP-21)  are  described  In  tne  following  paragrapns* 

A complete  listing  is  given  in  the  computer  requirements  summary 
at  tne  end  of  this  suosection* 

CQOOiil£.*iaiBiDai.iO-.Uoisa.&alifi.iJZai.r 

A functional  flow  diagram  of  the  jammer -to-nol se  ratio 
computation  logic.  Module  SP-d  is  shown  In  Figure  36*  The  I09U 
is  general  enough  to  handle  single  or  multiple  range  gates*  This 
computation  depends  on  Knowing  the  gain  of  the  receiver  so  that 
trie  noise  level  due  to  thermal  noise  can  be  computed*  The  sua 
cnannel  IF  AGt  level  is  encoded  on  eacn  dwell  for  this  purpose* 
Note,  that  the  magnitude  of  the  return  in  each  r ange-uoppl er  cell 
i*  computed  in  the  FFT/PDI  program  module* 
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figure  36.  Computer  Jammer  to  Noise  Ratio  (J/K)  Program 
Module  J>P-m,  Flow  Diagram 

eosXrU£lA£liOD.iAlagiali.oi3.:w 

A functional  flow  diagram  of  tne  post-detection 
integration  logic*  Module  SP-9,  is  shown  in  Figure  37.  Also 
$no*n  in  this  fioure  are  the  constants  for  the  different  signal 
processor  configurations  which  are  discussed  in  subsection  h.2.3. 
For  each  of  tne  "iM  hursts  in  an  acquisition  sequence*  the 
hi.i  ni*ude  of  p fh  Cw-apUx  duppitr  cell  is  computed  range  gate  oy 
r.m.e  gutu  and  storuo  i a “average  value*4  array  of  dimensions 
* * - • f«*e  tire  avii.’uit  for  one  pass  Cl*l)  tnrcugn  the  PDI  logic 
ii  ^proxieately  equal  to  tr*»  data  collection  interval  te.g.  $ 
msec)  at  wnicn  time  the  next  r F I output  is  available. 
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Figure  37.  FFT  Post  Detictlon  Integration  Program  Module 

$P-9,  Flow  Diagram 

Daiacxuuo-wiib-^lldlaa-I&LAS&ald-:: 

Tne  logic  flow  diagram  for  detection  with  a multi-channel 
sliding  tnresnoM.  Module  $P-10#  is  snown  in  Figure  3b*  Tne 
outout  f r or  this  routine  is  a taole  of  detections  of  targets  that 
crossed  tne  threshold.  Tne  detection  with  the  siloing  threshold 
Is  done  range  gate  by  range  gate.  More  complicated  systems  could 
involve  sliding  a ranga-doppl er  window  across  tne  range  ooppler 
mairix.  -towfver,  for  tne  purpose  of  tnis  study  the  simpler 
approach  was  ta*en.  Note*  that  this  9i  ’e  routine  is  also  used  to 
f i n3  detections  in  iho  iraev  mode  where  only  a single  £ channel 
ii.  ixamined*  (module  SP-ll). 
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figure  3b.  detection  with  Sliding  Tnresnold  Program  Modules 
SP-10  and  SP-ll*  Flow  Diagram 


Iatg£X_i£aLLD_£*maiaxoL_lMidftbaad_llQaaltLl_r 


Tne  functional  flow  diagram  for  the  target  aouoler  search 

generator  logic*  Module  SP-1?*  is  shown  in  Figure  39.  This 

starcn  generator  covers  tne  coapiete  range  of  Possible  target 

doppleru  if  to  f ) looking  for  tne  injected  video.  The 
dmin  °hax 

numoer  of  dwrllo  for  any  on*  roughing  filter  ooiitlon  depends  on 
wneth*'  or  not  .nis  is  the  firs*,  try  at  acquisition.  Tnis  search 
gentator  can  a'sc  be  uced  as  a last  resort  to  sweep  out  the 
entire  u<*  Ur  scectrum  if  attempts  at  acquisition  in  a limited 
region  tail. 
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Figure  39 • Tirgtt  Starch  Generator,  (Wideband  Doppler) 
Prograa  Nodule  5P-12,  Flow  Dligraa 

Xi^taA^eajL£&_GajiaxAXaL-i&anoe_afld_Daa&laLJUs 

The  functional  flow  dlagran  for  the  target  range  and 
dopplor  search  generator  logic.  Nodule  SP-13,  Is  snown  In  Figure 
GD.  Also  shown  In  this  figure  Is  a possible  range  doppler  search 
pattern  where  3 range  9ate  bank  and  3 doppler  roughing  filter 
positions  are  searched.  This  logic  Is  designed  to  search  all 
roughing  filter  positions  for  a given  range  gate  bank  setting. 

If  the  target  Is  approaching,  the  roughing  filter  center 
frequency  is  increnented  In  steps  to  search  the  doppler  region 
above  the  aalnlobe  clutter.  If  thn  target  Is  receding,  the 
roughing  filter  center  frequency  Is  deerenenteo  In  steps  to 
search  the  doppler  region  below  nalnlobe  clutter. 
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Figure  41  Angle,  Range  and  Doppler  TracK  Error  Program 

Nodules 

SP-14,  SP-15  and  6P-16 


with  skin  track  targets,  the  angle,  range  and  doppler 
errors  are  computed  for  each  detected  target  in  the  track 
narrow-band  roughing  filter.  It  is  not  necessary  for  a target  to 
be  centered  in  the  doppler  array  to  compute  its  errors.  The 
angle  errors  are  computed  using  the  spectrum  analyzer  complex 
outputs  of  the  sum,  pitch,  and  yaw  channels*  The  range  error  is 
computed  using  similar  outputs  of  the  split  range  gates  (early 
and  late  sum  channels).  Doppler  error  is  computed  relative  to 
the  center  cell  by  using  the  center  three  cells  in  the  array,  if 
the  target  is  nut  in  die  center  cell,  doppler  error  Is  measured 
as  tne  number  of  cells  different  from  the  center  cell  times  the 
single  cell  doppler  width. 
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The  functional  flow  diagram  for  the  beta  blanking  logic, 


Module  iP-17,  is  shown  in  Figure  ^2.  The  purpose  of  the  beta 


blanking  logic  is  ro  determine  if  any  of  the  detected  targets  arc 


outside  the  nr.ainlobe  of  the  missile  seeker  antenna.  This  is 


accomplished  by  comparing  the  magnitude  of  the  targets  (polar) 


difference  signal  to  the  targets  sum  signal,  Whenever  the 


magnitude  of  the  targets  difference  signal  is  greater  than  the 


magnitude  of  the  targets  sum  signal,  the  target  is  declared  to  be 


in  the  sidelooes. 
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Figure  w.  beta  blanking  Logic  Program  Module  :>P-17, 


Flow  Diagram 


_z 


This  I 3 Illustrated  In  figure  43  for  a typical  monopulse  antenna 
pattern,  fts  can  be  seen  the  method  Is  not  foolproof,  however , 
tne  probability  of  rejecting  sldelobe  targets  by  tnis  method  can 
be  quite  high  (measurements  have  Indicated  uo  to  90t  rejection  or 
larger  can  be  achieved  using  beta  blanking).  Targets  that  do  not 
pass  the  beta  blanking  check  are  removed  from  the  "list"  of 
detected  targets  and  are  not  processed  furtner.  If  no  targets 
pass  tne  beta  blanking  test,  a "SI  Target"  flag  is  raised. 


tWl'AL  MONO  PULS  L ANt£#NA  PAW**  LSlHtLt  PLWC) 


Hgurt*  O.  Typical  Honopulse  Antenna  Patterns  snowing 


••Beta  blanking"  Regions 
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Tne  lunct  io.'.a  I 109  id  flow  diagram,  for  the  radial  angle 
gate  logic.  Module  5 P — 1 S is  shown  in  Figure  44*  The  objective  of 
this  mooule  is  to  obtain  discrimination  of  a single  blinking 
jammer  in  a multiple  blinking  Jammer  formation.  This  Is 
accomplished  by  comparing  the  polar  boresight  error  ( £p  + ) 

to  a computed  threshold  level.  The  computed  threshold  level 
increases  with  time  to  a specified  maximum  if  no  observations 
pass  the  threshold  cneck  and  decreases  with  time  to  a specified 
minimum  if  all  observations  pass  the  threshold  check.  A "Rag 
Blank"  flag  is  raised  for  use  in  the  TQI  function  when  the 
observation  exceeds  the  threshold  level. 


*NT«* 


f*IT 


Figure  Radial  Angle  Gate  logic  Program  Nodule  SP*19f 

Flow  Diagram 
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A functional  flow  diagram  for  the  identify  mainlobe 
clutter  logic*  Module*  SP-20*  is  shown  in  Figure  *»5.  The  signals 
that  have  passed  the  sliding  threshold  (i»e*  detected  signals) 
are  first  averaged  in  range  for  each  doppler  cell*  Next*  the 
dOPPler  cell  average  magnitude  is  scanned  to  find  tne  largest 
signal  which  is  designed  mainlobe  clutter. 


■ HIT 


J'NUHBCIV  or  RANOE  GATES 
NUMBER  OF  FFT  CCLLE 
6,  -NUMBEW  OF  UNUSED  FFT  CELLS 
^.magnitude  OF  RLTURN  in  g**  oorrtiw  cell 


Figure  *5.  Identify  Mainlobe  Clutter  (MIC)  Program  Module 

5P-23*  Flow  Diagram 
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A functional  flow  diagram  for  the  T Q 1 logic  program, 
Module  iP-l  8 , is  shown  In  Figure  <,6.  The  objective  of  the  TQi 
(Track  duality  Indicator)  function  is  to  indicate  to  the  guidance 
data  processor  the  quality  of  the  information  passed  along  for 
eacn  of  the  detected  targets.  For  jamming  targets,  the  TQI  is 
computed  as  the  pitch  and  yaw  jammer-to-f theraa I ) noise  ratio. 

If  the  jammer  is  in  the  antenna  sidelobes  or  does  not  pass  the 
radial  angle  gate  the  Tul  is  set  equal  to  zero.  For  skin  track 
targets  the  TQI  is  set  equal  to  zero  if  there  is  a missed  look  or 
the  missile  Is  founo  to  be  in  a clutter  situation  (target  doppler 
too  close  to  the  mainlobe  clutter  doppler,  hence  the  clutter 
warning  flag  is  raised  by  the  guidance  data  processor  based  on 
its  estimates  of  the  target  and  mainlobe  clutter  dopplers). 
Otherwise,  the  TOI’s  are  computed  for  angle,  range  and  doppler 
errors. 


tNTt* 


* i Jure  4S.  Track  Quality  Indicator  ITQ1)  Logic  Program  Nodule 

5P-16*  Flow  Diagram 
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The  functional  flow  diagram  for  the  target  selection 
logic,  Module  J>P-21  Is  shown  in  Figure  47. 
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The  first  action  taxon  by  the  target  selection  logic  is 
to  stabilize  the  measured  errors*  The  pitch  and  yak  boresight 
errors  are  converted  to  I l ne-of -s l ght  angles  and  the  range  and 
doopler  errors  to  target  range  and  target  doopier.  The  next 
stept  Mhlca  can  be  combined  with  the  first  stept  is  to  compare 
the  stabilized  measurements  witn  the  current  Kalman  filter 
estimates  to  develop  a set  of  "stabilized"  errors*  A check  is 
then  made  to  locate  any  range  and/or  doppler  gate  stealers  by 
comparing  the  stauilizec  range  and  doppler  errors  to  a threshold 
value*  Exceeding  the  threshold  implies  a larger  range  or  doppler 
motion  than  could  be  expected  by  target-missile  pnysical  motion* 
The  action  taken  is  to  set  the  track  quality  indicator  tor  the 
excessive  range  or  doppler  error  to  zero.  This  means  that  if 
this  target  is  selected  for  angle  track  on  the  basis  of  the  next 
check  for  minimum  angle  error9  the  range  or  doppler  measuremnet 
will  not  oe  used  and  the  estimate  coasted  until  the  next 
legitimate  measurement* 
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The  target  that  is  passed  along  to  the  Kalman  filter  is 
that  target  closest  in  LOS  angle  to  the  present  LOS  estimate* 
This  target  is  found  by  computing  the  sum  of  the  absolute  values 
of  the  pitch  and  yaw  LOS  errors  and  finding  the  minimum  value  in 
tne  target  list*  Since  only  one  target  Is  identified  by  the 
target  track  logic  in  the  HOJ  mode,  no  target  selection  logic  Is 
requ i r ea  • 


£aaoul&L.kaouix.maaoia.luiiAa£^.=. 

Digital  signal  processing  computer  requirements  for  the 
candidate  Class  I,  II,  and  III  missile  radar  sensors  identified 
in  subsection  4.2*1  are  summarized  in  Table  19,  20  and  21 
respectively* 

Tnese  tables  list  tne  digital  signal  processing  programs 
modules  previously  defined,  and  give  the  corresponding 
add/subtract,  multiply/divide  and  load/store  operations  for  the 
wors t-case/c r l t i ca I path  through  each  module*  Similarly,  program 
modjlts  used  in  tne  wor st-case/cr l tical  path  of  eacn  radar  mode 
are  checked-off,  and  the  corresponding  instruction  counts  for 
both  functional  program  modules  ano  supporting  utility  routines 
art  given  as  totals  together  with  Instruction  mixes,  for 
determining  worst-case  throughput  in  Section  6*  (See  Individual 
mode  supervisor  flow  charts  for  full  complement  of  program 
modules  per  model*  Total  operation  counts  are  also  given  without 
too  FFT,  and  without  both  FFT  and  PD1  functions,  for  system 
design  f lex i bl  I ty . 
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Program  memory  sizes  are  given  to  cover  tne  total 
instructions  required  for  each  program  module  with  an  additional 
included  to  account  for  subroutine  linkages  and  other 
miscellaneous  overhead  operations.  Operations  counts  are 
increased  oy  30%  when  converting  these  to  Kops  in  Section  6. 

Data  memory  requirements  are  driven  by  the  Clutter 
Acquisition  Mode*  due  to  the  relatively  rapid  sequence  of  snort 
radar  dwell  periods*  multiple  range  gates  (for  SA-PD  and  A-PD 
sensors)*  and  trie  need  to  store  arrays  of  data  acquired/processed 
during  one  dwell*  for  further  processing  In  a subsequent  dwell 
interval,  data  memory  totals  given  In  each  of  the  following 
tables  make  provision  for  3 complex  and  2 real  data  arrays*  witn 
additional  space  for  a table  of  12  target  detections  ano 
scratch-pad  storage.  Array  sizes  are  determined  by  the  number 
and  type  of  data  poi nte/doppl er  ceils  IN)*  (2  memory  locations 
for  each  complex  data  poi nt/dopp I tr  cell)*  and  the  number  of 
range  gates  Ik) * i.e.: 


ARRAY 

STORAGE  MOTS. 

ARRAY  TYPE 

CM 

SA-PD  A-PD 

Complex  t N x2xR ) 

128 

640 

1260 

teal  IN  x R) 

64 

320 

640 

&& i 
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•lacallanaatia  avaMiaii  inatractlm. 


4.3 


The  ARM  sensor  relies  upon  the  radio-frequency  radiation 
f r on  the  target  aircraft  radar*  and  this  in  turn  demands  a * i der 
range  of  performance  compared  to  the  semi-active  and  active  radar 
sensors  described  in  the  previous  subsection.  Presently  there 
are  no  airoorne  ARM  sensors  In  service*  but  the  Navy  BRAZQ  air  to 
air  missile  is  currently  in  the  development  phase.  ARM  sensors 
are  applicable  to  class  II  and  III  missiles. 

4.3.1  Daia-AnauiaiiixiA 

Data  acquisition  in  ARM  sensors  is  achieved  through  the 
"target-identification-acquisition-system**  T I A 5 on-board  the 
launch  aircraft.  The  T1AS  is  essentially  an  electronic 
intelligence  ( EL  INTI  receiver  wnich  receives  the  radiated  energy 
and  identifies  a friend  or  foe.  TIAS  designation  accuracies  for 
airborne  ARM  targets  are  listed  in  Taole  22. 

TABLE  22 

TARGET  RADI  AT I UN  CHARACTER  1 5T ICS  C TIAS 
DESIGNATION  ACCURACIES 

PARAMETER  TARGET-RADIATE  TIAS  DESIGNATION 

ACCURACY 


F r equency 
Pulse  4 i dt 
PRF 
Ang » e 


: .0  - 18.0  GHz 
0.1  - 10.0  psec 
0.2  - 353.0  KHz 
360  deg 


±5.0  MHz 
±0.2  jj  Sec 
±500.0  Hz 
±5  .0  deg 


177 


4.3.2  iaax.LH_aDii_Qaxecl.uia 


j The  target  search  an a detection  function  in  an  ARM  sensor 

is  relatively  simple  due  to  initializiny  by  the  TIAS  in  terms  of 
the  desired  threat  target. 

4*3.3  Acaulsixiaa 

Acquisition  of  the  desired  target  relies  upon  a number  of 
discriminants  which  are  provided  in  the  ARM  signal  processor  and 
described  below*  Figure  46  is  a functional  block  diagram  of  an 
ARi  processor  and  Table  23  lists  typical  design  requirements* 
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Figure  4 . Sensor  - Functional  Block  Diagram 


TABLE  23 


TYPICAL  ARM  SENSOR  DESIGN 


PARAMETER 


Oynamlc  Range 

Bean  Forming  (4  channels) 

Video  Bandwidth 
Equivalent  Receiver  Bandwidth 
Log  Video  Processing 
Gain  Track! ng 
Phase  Tracking 
Narrowband  Frequency 
Leading  Edge  Tracking 
Pulsewidth  (3  ranges) 

PRF  Correlation  - range  li 
PRF  Correlation  - bandwidth 
T3A  Gate 

Power  Level 

Pulse-to-Pu Ise  Amplitude  Window 
Angle  Gate 

Acqu I si tlon 
Track 


REQUIREMENTS 
DESIGN  REQUIREMENTS 


70  db 

E t AP  , E i AY 
10  MHz 
100  MHz 

±1/2  db 
± 5° 

±1 5MHz 
0.2  visec. 

0.1  to  10  usee. 
200  Hz  to  3i50  KHz 
« ± 10t 

CFAR  Threshold 
±6  db 

±5°  both  Axes 
±1°  both  Axes 
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Tne  tnree  receiver  channels  feed  a beam  forming  network 

which  forms  tne  Z ± A and  Z i A beams.  The  latter  outputs 

P y 

and  tne  channel  are  video  detected  tc  feed  four  gain-matched 
logarithmic  video  amplifiers.  These  I ogar  I thm i c -ga i n amplifiers 
allow  operation  to  be  maintained  over  a wide  variation  in 
received  signal  power.  The  respective  angle  channels  and  Z 
channel  are  summed  and  simultaneously  sampled  by  separate  sample 
and  hold  amplifiers  (S/H)  for  subsequent  angle  and  pulse  to  pulse 
amplitude  discrimination, 

Tne  ARM  processor  provides  a narrowband  (20  MHz)  and  a 
wideband  (300  MHz)  filter  network.  The  narrow  band  filter  is 
used  against  non-f requency  agile  targets. 

The  ARM  video  signal  processor  section  provides  the 
additional  discriminants  in  order  tu  cope  with  other  radiating 
targets  and/or  ground  clutter  as  follows. 

LEI  * leading  Edge  Tracking  is  used  to  time  gate  the 
multipath  signal  from  tne  direct  signal  patn. 

£aweJL_JLeval  - The  signal  level  must  exceed  a variable 
threshold  level  before  being  gated  into  the  receiver. 

Euiaazto=Euisa.AJiftiilud&  - After  target  acquisition,  a 
level  window  is  put  arouna  the  target  level  and  returns  outside 
this  window  are  rejected. 
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Aagia-kala  - Target  signals  outside  an  angular  window  set 
around  the  antenna  boresight,  are  rejected.  This  window  can  be 
narrowed  to  provide  further  discrimination  after  th9  target  has 
been  acquired. 

Euis£^hUilh  - Received  target  pulses  are  divided  into 
tnree  broad  ranges  from  0.1  to  10  Msec.  This  discriminant  is 
useo  to  pregate  the  PRF  and  TOA  discriminants. 

LQA  * The  t i me-of-a rr i va I discriminant  is  obtained  by 
pnase- I ockl ng  the  PRF  oscillator  to  a real-time  analog  pulse 
train  from  the  avionics.  The  result  is  to  put  a coarse  time  gate 
around  the  selected  target  pulse. 

EEE.Laxxaialax.  - The  PRF  correlator  performs  a frequency 
measurement  of  its  input  signals  and  provides  an  output 
indication  when  the  PRF  of  the  input  pulse  train  is  equal  to  a 
preselected  value.  The  preselected  PRF  comparison  value  is 
supplied  by  tne  avionics  control  computer  in  the  form  of  a 7-bit 
binary  word  corresponding  to  PRF  values  between  100  Hz  and  350 
<Hz.  Tne  allowable  deviation  of  the  input  PRF  to  still  pass  the 
PRF  corrleation  test  is  ±10  percent  of  the  nominal  PRF  reference 
value. 


AcQui&j.iiaa_CiilatJ.aa  * The  target  acquisition  criterion 
i.'  vjr  iaote  and  selectable  depending  upon  the  target's 
caojb i titles  and  available  designation  information  from  the 
avionics,  iach  discriminant  can  be  selected  or  deleted  upon 
command. 
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* The  discriminants 

weighting  logic  receives  inputs  from  all  the  discriminants 
previously  described  and  determines  if  a given  pulse  is  valid. 

If  valid,  the  pitch  and  yaw  angle  signals  which  were  sampled  by 
s rop I e-and-hol d amplifiers  are  converted  to  digital  values  for 
translation  into  seeker  head  and  missile  guidance  commands.  The 
valid  target  pulse  is  also  used  to  update  the  AFC  loop. 

A. 3 . 4 &Qfli£_E*lLa£lifl£ 

Pitch  and  yaw  angle  error  signals  are  obtained  from  a 
conventional  monopulse  antenna  system  requiring  full  aperture 
gain  over  the  complete  frequency  band  to  provide  an  ideal  antenna 
for  dual  mode  RF  sensors. 

. 3 . 5 EXftciifiuic-CfiiiOietrCounleL^aaaauiajs-lEELtJl 

Inherent  in  the  ARM  processor  are  the  discriminants  wnicn 
overcome  the  countermeasures  used  against  ARM  sensors.  Frequency 
agility  is  accomodated  by  increasing  the  Dandwidth  of  tna  antenna 
and  receiver.  Pulse-width  variation,  and  PRF  agility  are  handled 
by  increasing  the  discriminants  to  the  wider  pulse  and  the  longer 
duty  cycle  respectively. 

The  shut-down  of  the  radar  is  best  handled  by  an  active 
terminal  sensor.  The  dual  mode  sensor  is  discussed  in  a 
subsequent  section. 
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At  the  present  time,  digital  signal  processing  for  ARM 
sensors  appears  to  be  limited  to  certain  video  processing 
functions!  e.g.,  discriminant  weighting  logic,  and  overall  ARM 
sensor  control  oue  to  the  wide  bandwidths  and  narrow  pulse  widths 
being  processed. 

A *4  laitar^d-Sanaoxa 


The  Type  1 reticle  sensor  is  the  most  simple  of  the  three 
types  identified  earlier  and  described  in  3.1.2. 2*  Guidance 
information  is  derived  from  a single  channel  electrical  signal 
which  consists  of  an  amplitude  modulated  carrier  frequency.  The 
amplitude  modulated  carrier  frequency  is  generated  by  a rotating 
mecnanical  chopper  (reticle)  located  in  the  image  Plane  of  a 
focusing  optical  system.  A simplified  version  of  such  a reticle 
is  shown  in  Figure  49. 


NON  TRANSMITTING 


TARGET 

IMAGE 


figure  <•<#.  Simplified  Amplitude-Modulation  R.tlcle  for  lyp.  1 

Sensory. 
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Relative  motion  between  the  reticle  and  the  taf9et  image 
generates  an  interrupted  carrier  wave  (1CW)  ot  the  frequency 
where  fc  = 2NaA1  where  the  carrier  is  off  for  a time  l/ioc^  and 
is  on  for  a time  1/2C(M  • If  such  an  1 C W signal  is  passed  through 
a filter  whose  center  Is  at  fc  and  bandwidth  l(XMt  the  output  is 
a signal  at  the  carrier  frequency  which  is  amplitude  modulated  at 
the  rateOC^,  The  IF  signal  to  noise  ratio  for  a square  IF 
filter  is 


* — a. 

NEPD 


wnere: 


wnere: 


NEPD  « 


0.4 3 3D* 


H - Received  radiant  intensity  at  front  of  dome. 
f0  * Focal  length  of  optics 
A0  - Optics  collecting  area 
T0  - Optics  transmission 

ACl  - Solid  angle  field  of  view  of  the  total  reticle 

Ot/n  - Reticle  rotation  rate 

0*  * Detector  sensitivity  in  nz^  Matt 

NEPD  - Noise  Equivalent  Power  Density  of  sensor 


If  this  signal  is  now  half*wave  rectified  at  the  carrier 
frequency  and  the  output  filtered  about  • the  resulting  signal 

a 

is  a sine  wave  of  frequency  0(M.  This  signal  is  then  phase 
detected  and  used  to  drive  the  missile  servo  and  seeker  tracking 
loops.  For  laroa  iS/Nl^p  the  post  detection  signal  to  noise 
ratio  is  given  oy 

‘W'MpOO  * <S/N»jf  I1/7T)  I A»tF/  AtM  \Z 
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In  this  case  the  only  effective  digital  signal  processing 
would  be  target  tracK  initiation!  updating  and  ECCM/flare 
discrimination  utilizing  the  outputs  of  the  analog  signal 
processing  secticn. 

*»»<>.  2 Iya£^_lm&a&-£iAQ&_£c&OQur 

The  Type  2 sensor  is  a scanning  array  which  for 
convenience  will  be  taken  as  a linear  array  scanning  the  optical 
image  plane  in  a direction  perpendicular  to  its  lengtn*  The 
scanning  method  is  shown  in  Figure  *0.  This  method  of  scene 
scanning  provides  a great  deal  more  information  than  that  of  the 
Type  1 Sensor.  In  the  latter 9 the  single  reticle  and  detector 
combination  gave  a single  sine  or  square  wave  whose  phase 
relationship  was  indicative  of  the  direction  in  which  the  average 
target  was  off  boresight. 


Figure  SO*  i*near  Array  Scanner  - 


(Type  11  Sensor  I 


in  the  Type  l sensor  there  are  N channels  of  spatial  information 
in  the  vertical  (y)  direction  and  m inter/als  of  temporal 
information  in  the  horizontal  ( x)  direction*  Each  of  the  M 
intervals  will  nave  a temporal  length  equal  to  the  detector  dwell 
time  on  a point  source  target  and  by  appropriate  clocking 
elative  to  the  beginning  of  a scant  each  Interval  can  be 
directly  retatea  to  x-position  in  the  f ie Id-of -v lew* 


If  the  amplifier/filter  bandwidth  is  property  matched  to 
a point  source  pulse  response  ( Af^Af  « 174)  t then  the 
signal-to-noise  ratio  (S/N)F  for  a uniform  background  is  given 
by : 

IS/N)  * ti 

r NE  PD 


where: 


NEPD  * I ft- 

^oro 


/A-St— L 


1.06  0* 


where : 


f0  - Telescope  focal  length 
A0  * Objective  collecting  area 
T0  - Optics  transmission 
0*  - Detector  sensitivity 

&xt  <9y  - Angular  extent  of  optical  f ie  lo-of -view  in 

the  x and  y direction 
vX  - Scanning  frame  rate 
N * Number  of  detectors  in  linear  array*  and 
NEPD*  Noise  Equivalent  Power  Density  of  System  in 
watts/cm2’  at  objective  of  system* 
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In  this  case  there  are  N channels  of  Information.  If  the 
background  is  uniform  and  there  Is  a single  point  source  In  the 
f i e I d-of -v I ew  tnen  vertical  cnannel  response  anu  time  of 
detection  in  the  scan  constitutes  target  position  data.  However, 
even  in  this  simple  case  it  is  necessary  to  measure  the  mean 
noise  power  in  each  channel  and  set  a threshold  above  which  the 
signal  plus  noise  must  rise  to  assure  a low  false  alarm  rate,  in 
more  complicated  background  situations  It  is  necessary  to  resort 
to  more  sophisticated  signal  processing  to  separate  the  "true" 
target  from  the  background  clutter. 

The  functional  block  diagram  for  a linear  array  IR  sensor 
employing  botn  analog  and  digital  signal  processing  is  shown  in 
Figure  51*  The  analog  signal  processor  consists  of  a cell 
selector/multiplexer,  preamp*  and  double  threshold  logic 
circuitry.  For  any  one  position  of  tne  linear  array  in  tne 
scanned  f ie I d-ol-vl ew*  the  3-cell  sliding  window  detector 
operates  to  identify  point  targets  and  reject  edges  as  caused  by 
large  extended  targets  a.g.  the  horizon  or  clouds.  The  operation 
of  tne  3-cell  detector  is  basically  to  compare  the  outout  of  the 
center  of  tne  three  cells  with  the  sum  of  all  three.  This  Is 
accovplisrea  by  using  effectively  a tapped  delay  line  as  shown  in 
F»**re  k2.  wnen  the  array  scans  across  an  «edgaN*  the  sum  or  the 
mr«e  cells  always  be  larger  than  the  scaled  center  cell 

resulting  in  no  detection.  A second  thresholding  operation  is 
required  to  reject  detections  from  tne  fine  structure  of  IR 
clutter  such  as  variations  tn  cloud  backgrounds.  Inis  is 
accomplished  by  comparing  the  signal  passing  the  first  thrashold 
to  a threshold  whicn  is  the  average  of  many  calls.  This  is 
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effectively  a CFAR  type  of  operation  as  imp! enentated  in  radar 
signal  processors. 

kith  this  type  of  thresholding  operation*  only  Ie9itiaate 
IR  point  targets  will  be  encoded  and  stored  in  the  digital  signal 
processors  puffer  meaory,  with  a Matrix  position  derived  from  the 
"scan  decoder".  After  acquisition*  the  target  is  "tracked"  into 
the  center  of  the  Matrix  array  f ield-of -view  by  the  sensor 
guidance  data  pr ocessi ng/seeKer  head  loop. 
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Figure  51,  Type  2 laage  Plane  1R  Sensor- 
Functional  Block  Olagrao 
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D nee  the  target  is  in  the  center  of  the  array  only  a small  number 
of  cells  about  the  matrix  center  are  examined  to  develop  the 
target  track  information.  The  flare  logic  consists  of  entering  a 
coast  mode  for  a specified  period  of  time  when  two  targets  are 
suddenly  detected  in  the  tracking  window.  Flares  having  high 
aerodynamic  drag,  will  very  quickly  move  outside  of  this  narrow 
tracking  F3 V and  tracking  is  t..en  re-established. 

4*4.3  Lxe&-l^Xtt^a^£.U_Aixax 

The  functional  block  diagram  for  a Type  3 IR  Sensor  is 
shown  in  Figure  53.  Type  3 sensors  perform  the  same  functions  as 
Type  2 except  tnat  tne  scanning  linear  array  is  replaced  by  a 
non-scanning  square  array  of  detectors  each  of  whicn  integrates 
over  a frame  time.  The  frame  time  is  determined  by  the  rate  at 
which  the  information  is  read  out. 


ANALOG* 1 ► DIGITAL 


Figure  S3.  Type  3 HXN  Matrix  Array  Ik  Sensor 
Functional  Block  Diagram 
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Suppose  that  the  matrix  is  square  with  N X N * to2 
elements  as  sho*n  in  Figure  54.  For  the  same  elemental  detector 
size  and  for  the  same  frame  rate  this  situation  gives  a voltage 
s i 9na  I - to-no  ise  ratio  which  Is  }fH  times  that  of  the  scanning 
linear  array  becau.se  each  detector  integrates  the  received  signal 
during  a complete  frame  time.  Otherwise  exactly  trie  same  signal 
processing  applies  as  described  in  section 


Figure  54,  Matrix  Array  of  Detectors 


4 . > 

Multimode  sensor  systems  incorporate  a mix  of  the  single 
mode  sensors  previously  described!  to  provide  near  optimum  target 
homing  data  for  ewery  missile  flight  Phaser  by  recognizing  the 
performance  limitations  of  each  sensor  type  for  a given  intercept 
scenario  and  target  environment.  Multimode  sensor  systems  are 
considered  for  Class  2!  and  III  missiles  only  due  to  their 
greater  sopn  1st icati on  and  longer  range#  compared  to  more  simple 
Class  If  snort-range  weapons.  Two  types  of  multimode  sensor 
systems  have  been  Identified:  dual  mode  and  triple  mode*  the 

former  for  Class  II  missiles  only»  by  virtue  of  size#  weight  ano 
power  considerat ions»  whereas  both  dual  and  triple  mode  sensor 
systems  are  evaluated  for  Class  III  missiles. 

<*.:>.!  dual -JUas_iAQaoA-.ly*iama 

Table  24  is  a listing  of  five  possible  dual  mode  sensor 
combinations.  Tns  candidate  sensors  for  the  Class  11  missile  are 
IR/SAR,  A R/$AR,  and  ARM/SAR.  Note  that  combinations  2 » 4 and  5 
Incorporate  a semiactive  radar  f SAR)  and  in  fact  the  SAR  mods 
can  os  used  effectively  without  the  other  modes.  However*  the  1R 
sensor  does  provide  the  capability  for  low  altitude  tail-chase 
mere  effective  h than  a 5A-CK  radar  sensor.  Figure  18  shows  that 
SA-RO  can  also  provide  good  tail-chase  capability  and  therefore 
l.  * *>n»y  ra ai  a^vaitage  in  the  Ift/$fiR  combination  Is  some 
additional  effective  us  jgaimt  UN,  The  active  radar  (AR) 
sensor  provides  little  adaitional  capability  over  SAR  for  Class 
11  missile  intercept  funges.  Tns  SAR/AkM  constitutes  the  best 
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TABLE  24 


OJAL  NUDE  SENSOR 

COMBINATIONS  t 

APPLICATIONS 

BY  MISSILE  CLASS 

H ISSUE 

CLASS 

I! 

III 

SENSOR  COMBINATION 

MIDCOURSE 

TERMINAL 

HIOCOURSE 

TERMINAL 

1.  IR/ARN 

I R 

X 

0 

X 

0 

ARR 

« 

X 

0 

X 

2 • U/SAR 

0 

IR 

X 

0 

X 

0 

SAR 

« 

0 

X 

0 

3 • 1R/AR 

• 

I* 

X 

0 

X 

0 

A* 

X 

0 

X 

0 

A.  SAk/AR 

0 

SAR 

1 

0 

X 

0 

A 

X 

0 

X 

0 

5.  SAR/ARH 

0 

0 

SAR 

0 

0 

X 

0 

ARM 

0 

X 

0 

X 

icbENi)  s 

IX)  - Mot  tfftctlvt 
l«)  - E f f act )«• 
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candidate  for  dual-iaode  for  either  the  Class  II  or  Class  III 
missile*  The  AkH  sensor  can  provide  both  midcourse  and  terminal 
(degraded)  guidance*  This  is  a distinct  asset  to  SAR  illuminator 
power  requirements  since  ARH  can  be  employed  at  launch* 

In  summary*  an  attractive  dual-mode  candidate  which 
exhibits  advantages  over  a single  mode  sensor  system  is  SAR/ARH. 

<►•5.2  lLiolfi^&oda.laxisiiL.iyslamm 

Tnree  triple  mode  sensor  systems  are  evaluated  in  Table 
25  for  Class  III  missiles*  Again  the  SAR/ARH  combination  is 
effective  for  tne  reasons  described  above*  and  hence  the  two  most 
practical  candidates  are  SAR/ARH/ IR  or  SAR/ARH/AR.  The 
limitations  of  the  IR  sensor  and  the  degree  of  improved 
capability  it  aods  to  the  multimode  sensor  system  would  not 
justify  tne  IR  sensor.  In  tne  light  of  tne  foregoing  assessment* 
the  oest-cholce  triple-mode  sensor  system  which  provides  distinct 
advantages  is  tne  SAR/ARH/AR.  figure  55  Is  a first  level 
functional  block  diagram  of  an  SAR/ARH/AR  sensor. 

In  terms  of  hardware  savings  through  common/shared 
equipment*  the  antenna  is  shared  by  all  three  sensor  types  and 
one  receiver  anu  signal  processor  is  common  to  the  SAR  and  AR 
sensors  since  tne  additional  Ak  transmitter  is  the  only 
distinction  between  the  two  radars.  However*  due  to  the  wider 
bandwidth  and  other  unique  performance  characteristics  of  the  ARH 
sensor,  a seoarate/addl tlonal  receiver  and  analog  signal 
processor  Is  required  to  support  this  target  sensor. 
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TABLE  25 


TP  3 PL E NODE  SENSOR  COMBINATIONS  FOR  CLASS  111  MISSILES 

MISSILE  MODE 

SENSOR  COMBINATION  HIDCOURSE  TERMINAL 


1.  IR/ARM/SAR 

I*  XX 

ARM  # X 

SAT  X « 

2.  IR/SAR/AR 

IR  X A 

SAR  X A 

RR  X A 

3.  SAR/ARM/AR 

SRR  X A 

ARM  A X 

*R  X A 


LEGE NO: 

(X)  - Not  Effoctivo 
(•)  - Effoctivo 
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Figure  55  Triple  Node  S AR/ARM/ AR  Sensor  System 

Block  Diagram 

*•5.3  s aiiiAaoe.Saoaox.aoaialloii^lodaa 

A description  of  multi-sensor  systems  by  operating  mode 
is  given  in  tne  following  paragraphs. 

lai&staiedaLiXa^taulaiJUAn  * Data  acquisition  for  sar 
and  AKM  sensors  is  tne  same  as  for  their  individual  modes.  The 
SAR  sensor  requires  the  A)  radat  to  acquire  the  target  and 
Initial lz«  the  SAR  sensor.  ARM  requires  a HAS  to  detect  radar 
radiai  nrt,  verily  the  threat  radar  sensor»  and  initialize  the  ARM 
mode.  Ihe  requirements  for  each  tensor  have  been  stateo 
previously  for  SAR  and  for  the  ARM  mode. 
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Acauisilion-ELficassiag  - The  acquisition  of  a target 
during  launch  can  employ  either  the  SAR  or  ARH  sensor*  For  large 
targets  (>10m2  ) the  SAR  is  tr»fc  og<cal  choice  while  a small 
radiating  target  can  best  be  handles  by  the  ARH  sensor* 
AcquisltiC;)  ranges  beyond  80  nmi  can  be  obtained  by  an  ARH  sensor 
against  any  airborne  radar  and  59  nmi  against  small  K0.5m*  ) 
radar  targets  with  the  SAR  sensor*  The  active  sensor  ( AR)  is 
best  employed  during  the  terminal  phase*  Tne  range  limitation 
fcr  an  AR  sensor  is  weight  and  cost.  Acquisition  will  be 
accomplished  by  the  SAR  or  ARH  sensor  with  terminal  guidance 
depending  jpon  the  AR  sensor* 

ltaclL.££OcamalAg  - Tree*  processing  for  the  multimode 
sensor  is  identical  to  the  track  processing  required  for 
individual  sensors*  The  nand-over  logic  from  the  sidcourse 
sensors  (SAR  or  ARH)  to  the  terminal  sensor  (AR)  will  be 
controlled  by  the  AR  sensor » and  depends  on  tne  signal-to-noise 
ratio  of  the  AR  sensor*  The  advantage  of  the  AkH/Ak  modes  is  the 
capability  of  multiple  firings  and  a “launch  and  leave" 
capability*  it  should  oa  made  clear#  that  with  a certain  unique 
antenna  design#  full  aperture  gain  over  the  complete  ARH  band  can 
be  obtained  and  this  eliminates  the  need  for  two  separate 
antennas#  one  for  ARH  and  another  for  SAk* 


4*6  EuiXiim 

In  this  ssction  the  capabilities  and  cosplaxltlas  of 
typical  air-to-air  laissllo  fuzing  systems  and  thalr  amenity  to 
modular  digital  techniques  art  discussed*  All  systems  undor 
consldaration  ara  intagratad  kith  tha  olsslie  guldanca  function 
and  hanca  tha  application  of  a fuza  system  to  a spaclflc  class  of 
■isslla  Is  contingent  upon  tha  guldanca  prograo  modulate)  usad 
and  thalr  corresponding  data  outputs*  Tha  taro  target  detection 
device  (TDD)  refers  to  tha  target  sensor  soctlon  of  tha  fuzlnj 
systao  (figure  561  as  distinct  froo  tha  safing  L arsing  and 
uarnaad  sections*  Digital  techniques  become  practical  and  uost 
affective  In  sensor  signal  processing  and  optloally  tiolng  tha 
generation  of  tha  firing  coooandt  using  available  guidance 
information  and  cooputlng  tha  tioo  of  marhead  detonation 
foliooing  target  detection. 
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Various  TfOs  are  descrlbtd  In  tha  following  paragraphs 
which,  although  not  all  inclusive,  navarthtlass  cover  a broad 
spectrun  of  fuze  types*  Table  26  lists  tha  various  types  of  TOOs 
and  their  application  by  Missile  class*  The  selection  of  a TOD 
for  a specific  aisslle  class  is  not  inflexible  however,  since 
tnere  is  no  tecnnical  reason  why  active  radar  fuzas  are  not 
applicable  to  Class  X Missiles*  The  decision  not  to  include  then 
in  this  class  is  based  on  high  cost  and  coMplexity*  Seal-active 
radar  fuzes  were  not  chosen  for  sophisticated  Class  III  stsslles 
due  to  their  greater  susceptibility  to  clutter  and  chaff* 

Optical  fuzes  were  not  considered  for  Class  IS  ano  ill  Missiles 
because  of  prefunction  prOwless  In  an  aerosol  environsent,  and 
capacitor  fuzes  were  siallarly  rejected  since  they  are  extresely 
range  llsiteo,  i*e*  target  detection  range  of  2x  Missile  length* 
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TABLE  26 


TARGET  DETECTION  DEVICE  t TOO » TYPES  VS  HISS1LE  APPLICATIONS 


TTO  TYPE 


Electrostatic/ Capacitor 

Saai-Actlwo  CU  Radar 
Ca-Oopplar 


MISSILE  CLASS 
I II  III 


y 

o 


Act » va  Radar 

Oalayad  local  Oscillator  IOLO) 
Injection  locked  Pulre  ooppltr  € 1LPD! 
Psaudo-Randoa  Codad  (PRC)  Cd  Oopplar 

Active  Optical 


X 

X 

X 


X 

X 

X 


0 

o 
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Llacxti^laXJ.c4Caoacllaiica-.Iflfl  - capacitance  TODs.  aa  snottn 
In  figure  57 » art  based  upon  the  principle  that  tha  capacitanca 


o!  a chargee  booy  changes  wnen  a second  object  antars  tha 
alactroatat is  field. 

In  practice  an  a lac troatatlc  fiaid  la  aat  up  by  a nuabar 
of  charged  efactrodos»  and,  to  sinpllfy  tha  daalgn  of  tha  targat 
sensor,  the  charge  and  associated  field  la  sinusoidally  pulsated. 
Ina  pulsation  frequency  la  not  critical  to  tha  Mechanization. 

T*v  sodas  of  targat  detection  are  provided!  one  baaed  upon  tha 
rata  of  change  of  field  strength  and  tha  other  upon  tna  aaplltuoe 
of  tha  detected  field. 
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- In  tne  proximity  mode  of  operation  the 
sensor  responds  to  a sign  change  in  tne  rate  of  change  of  tne 
electrostatic  field  caused  by  the  intrusion  of  a loving  object. 
Geometric  considerations  have  shown  that  this  change  of  sense  can 
be  arranged  to  occur  on  a surface  of  a cone  whose  case  faces 
forward  where  tne  axis  is  coincident  with  the  longitudinal  axis 
of  me  missile.  In  non-parallel  path  engagements  tne  axis  of  tne 
detection  cone  rotates  in  a sense  that  increases  the  probability 
cl  a warhead  fragment  striking  the  target.  Figure  58(A) 
illustrates  the  proximity  zone  of  a capacitance  TDD. 

- This  mode  corresponds  to  the  detection  of  an 
object  a few  inches  from  the  missile  (see  Figure  58(B),  and  is 
tne  only  mode  of  det  ction  for  an  object  on  the  forward 
longitudinal  axis  of  the  missile  since  the  detection 
cnar ac ter i st  ics  of  the  proximity  mode  exhibit  a null  on  the  nose 
o)  the  missile.  The  graze  mode  can  be  employed  as  a back-up  to 
tne  proximity  mode. 


ZOc 


ppnpvwp 


t A > - Proximity  Zone  (B)  - Graze  Zone 

Figure  SB  Capacitance  TjO  Proximity  and  Graze  Influence  Zones 

.S.^siz4iiIikft.U.i}i)imiftL.aaitax.^nQ  - Semi-active  CM  radar 
Tujs  sense  the  target  doppler  snlft  close  to  Intercept  using  an 
intercept  arm  gate*  enabled  by  a doppler  signal  from  the  seeker 
signal  processor*  and  generating  a firing  command  for  the  safing 
and  arming  device*  Tne  firing  command  is  generated  when  the 
target  enters  tne  narrow  beam  formed  by  fixed  antennas  mounted  on 


thr  b»oe  of  the  risque  seexei. 


The  SA-cw  doppler  TOO  detects  aircraft 


i I I urn  inator -der  ived  signals  reflected  from  the  target  or  energy 
received  directly  from  jammers  aboard  the  target.  Since  the 
signal  level  may  vary  over  wide  limits*  two  direct  coupled  broad 
beam  antennas*  and  associated  circuitry*  detect  the  signal* 
aajjst  the  system  sensitivity*  and  provide  a reference  signal  for 
a differential  detector  used  to  trigger  the  fuze. 

A block  diagram  of  a basic  fixed-angle*  SA-CW  TDD  is 
snown  in  Figure  59.  The  doppler  return  from  the  target  is 
received  oy  the  broad  and  narrow  beam  antennas.  The  broad  beam 
signal  is  larger  than  the  narrow  beam  signal  in  all  directions 
except  in  the  preferred  direction  of  the  narrow  beam  antennas. 
Diode  attenuators  are  activated  in  the  home-on-jam  mode  to 
increase  the  sensor  dynamic  range  and  reduce  tne  probability  of  a 
premature  firing  command  due  to  clutter.  In  each  channel  the 
doppler  return  is  mixed  witn  tne  oscillator  output  to  produce  an 
output  at  IF.  lhese  signals  are  amplified  in  tne  fuze  receiver 
tne  gain  of  which  is  controlled  by  the  detected  broad  channel 
output.  The  doppler  is  recovered  by  mixing  tne  IF  signal  witn 
tne  rear  signal  in  a balanced  mixer,  Tne  detected  doppler 
signals  are  amplified  in  a video  amplifier  and  applied  to  the 
fuze  logic.  This  logic  compares  the  signals  in  the  narrow  and 
broad  cnannels*  and  generates  a delayed  fuzing  command  when  tnls 
difference  exceeds  a prescribed  level. 


S i gn If icant/ d i s ti ngul sh i ng  characteristics  of  a 


semi-active  Cw  radar  fuzing  system  are: 


1) 


Less  complex  and  less  expensive  than  an  active  system 


2) 


Less  burn  through  capability  against  noise  jammers  than 
the  active  fuze. 


3) 


Susceptibility  to  clutter  and  chaff  (a  sharp  cutoff 
range  is  not  feasible  because  of  the  CW  mode) 


Figure  39. 


Semi-Active  Cw  Doppler  Radar 


Fuzing  System 


Funct iona I 


Block  Diagram 


Adijte-£uis&_ao£&laL_0&ia¥&d_ifiC&i_Ds&iii&laL-lDLai-X2D= 


The  L)LO  TOD  employs  an  active  pu  I se-dopp  I er  target  sensor 
wnich  is  enabled  by  an  Intercept  arm  command  from  tne  missile 
seeker  signal  processor.  A series  of  pulses  are  transmitted  to 
tne  target  and  the  reflected  energy  received  by  tne  sensor 
exhibits  a dop^ier  shift  proportional  to  the  closing  velocity.  A 
functional  block  diagram  of  a DID  TOO  is  shown  in  Figure  60.  Tne 
receives  energy  is  processed  through  a balanced  mixer  which  is 
activated  by  delayed  energy  from  the  transmitter  such  that  pulse 
to  pulse  coincidence  occurs  at  a specified  range  from  fuze  to 
target.  The  envelope  is  detected  and  integrated  in  the  boxcar 
generator  and  passed  through  an  automatic  gain  controlled  fAGC) 
amplifier  to  a set  of  parallel  filters.  One  of  the  filters 
passes  the  expected  range  of  dopplers,  while  the  other  is  set  to 
pass  another  portion  of  the  spectrum  using  the  same  banawidth. 

The  output  of  the  noise  filter  is  used  to  normalize  the  signal 
level  out  of  the  doppler  filter.  The  normalized  signal  is  tnen 
compared  »ith  a threshold  to  initiate  a firing  command. 

Some  characteristics  of  this  TOO  are: 

1 ) Range  Cutoff 

<:)  Electronics  are  cheaper  than  PRC  active  fuze 
3)  No  inherent  FUJ  capability*  although  some  could  be 
addeo 

A)  Separate  transmit  and  receive  antennas  are  necessary* 
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Figure  50.  Active  Pu I si-0opp ler 9 Delayed  Local  Oscillator 
(0L0)  Target  Detection  Device. 

laiaclai3XLJ.O£MadM£iilSAd^UDa£lex..LlL£fii.lDQ  - In  this  TDD 
(Figure  61)  an  injection  locked  transmitter  and  homodyne  receiver 
are  employed  to  provide  coherent  detection*  with  this  approach* 
tne  transmitter  serves  as  a power  amplifier  for  the  local 
oscillator  frequency*  The  pulsed  transmitter  is  locked  to  a CM 
Gunn  oscillator  which  provides  the  local  oscillator  drive  to  the 
mi *er  • 


lauatvy*?; 
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F i yur  e 61 . 


Injection  Locked  Pulsed  Doppler  1 1 L P D ) TDD, 
Functional  block  Diagram 


Signal  processing  includes  provisions  to  compensate  for 
broadband  noise,  and  for  sources  observed  in  the  sldeloues  of  the 
narrow  antenna  pattern.  Separate  and  concurrent  fuze-on-jaa 
capability  is  provided. 

I mo  receivers  are  provided,  one  for  tne  narroM  beam 
antennas,  and  one  for  tne  guard  antennas.  Identical  processing 
is  employed  so  that  tne  resulting  outputs  contain  only  the 
differences  due  to  tne  antenna  patterns.  Both  receivers  are 
9ated  on  twice  during  each  transmit  period,  once  just  before 
radiation  and  again  just  after  radiation.  The  pre-transmlt 
signals  are  useo  as  a reference  measuring  the  noise  level  and  the 
levt  of  extraneous  signals  such  as  RFI  or  jamming.  These 
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signals  provide  an  independent  passive  fuze-on-jam»  ( FQJ) , 
capability  to  discriminate  target  returns  from  extraneous 
signals.  Tne  post-tr ansmi t signals  are  in-range  target  returns 
Plus  the  signals  in  the  earlier  gate.  A fast  acting  AGC  system 
Is  used  to  adjust  the  gain  at  both  narrow  and  guard  channel  video 
amplifiers  over  a wide  range  to  accomodate  large  variations  in 
signal  level.  The  information  for  the  AGC  loop  is  derived  from 
tne  guard  cnannet  and  adjusts  the  gain  of  the  narrow  channel  to 
the  proper  amount  sucn  that  the  fuzing  threshold  will  be  exceeded 
by  a target  return  in  tne  narrow  channel. 

Notable  advantages  of  tne  IlPC  TOO  are: 

1)  Conerent  detection  for  the  elimination  of  feedthrough 
and  the  identification  of  moving  targets. 

2)  Marrow  beam  sidelobes  are  protected  by  means  of  a guard 

Deem. 

3)  Separate  fuze-on-jam  channel  is  provided  for  those 
cases  wnere  noise  precludes  the  normal  fuze  on  skin 
mode  • 

Acii.xa-£M«QofifiJ.ai.^£smiidOr&aihlfla.£limma-£iida.IQD  - The 
pseudo- random  code  (PRO  TOO  uses  a pseudo-random  code  modulation 
technique  in  which  the  phase  relationship  of  in  RF  carrier 
changed  oy  a binary  code  sequence*  Spec  if ica 1 1 y»  tne  carrier 
phase  is  changed  by  ISO  degrees  each  time  the  modulating  code 
sequence  changes  from  one  to  zero  or  from  zero  to  one.  Thus*  a 
transmitted  waveform  is  generated  having  tne  fora: 
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A icostwt  ♦ U(t)  TT  ) \ 


£ 


t 


where:  u( t)  = 0 or  1 

A block  diagram  of  a low-power  CW  microwave  PRC  TOO  Is 
shown  in  F i 9ur e 62 • 
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Figure  6? • Activi  Cfc  Doppler  PSC  TOO  Functional  bfock  Olagraa 
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A Cm  microwave  signal  is  generated  by  the  transmitter  and 
routeo  through  a coupler  for  local  oscillator  drive  to  the 
balanced  mixer*  The  remainder  of  the  output  signal  is  then 
modulated  in  a diode  phase  modulator,  sucn  that  tne  phase  of  the 
output  has  either  a 0°  or  IbO*  phase  relationship  to  the  input* 
The  modulated  signal  is  then  divided  and  radiated  by  the  two 
antennas*  The  0°  or  180°  phase  modulation  is  selected  by  the  two 
logic  states  of  a digital  feed-back  shift  register  t F SR  1 9 or 
pseudo-random  code  generator,  wnlc..  is  in  turn  driven  by  the 
clock  oscillator.  Signals  returned  to  the  two  antennas  from  a 
target,  or  other  reflective  source,  are  recomoined  and  routed  to 
the  mixer* 

Homodyne  action  between  the  local  oscillator  signal  and 
the  modulated  return  signal  produces  a bi-phase  coded  dcopJer 
output*  The  coded  doppier  signal  is  then  passed  to  a video 
correlator  where  it  is  mixed  with  a delayed  fora  of  the  code  used 
to  drive  the  modulator*  if  the  target  return  signal  originates 
from  a range  corresponding  to  tne  amount  of  delay  between  the 
modulating  code  and  the  correlating  code,  the  signal  will  be 
demodulated  and  tne  doppier  can  then  be  filtered,  amplified, 
detected,  and  used  to  initiate  a firing  signal*  Mhan  the  target 
return  delay  diffets  s'ightly  from  the  correlation  delay,  tne 
correlator  output  win  contain  coded  and  decoded  elements  wnich 
can  oe  filtered  to  remove  the  still  coded  portion.  Tne  amplitude 
rf  tne  decoded,  or  correlated  doppier,  is  reduced  nowever,  and 
r • amplitude  of  the  correlated  portion  continues  to  decrease  as 
tne  difference  in  delay  Increases  until  a deiay  equal  to  one  bit 
ct  me  code  is  reached*  At  this  time,  only  uncorrelated 
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frequency  components  art  obtained.  These  are  eliminated  by  the 
doppler  filter.  This  auto  correlator  action  establishes  the 
range  response  of  the  fuze. 

The  principal  advantages  of  the  PRC  ares 

1)  High  average-to-peak  poser  ratio  (the  system  Is  CM  so 
that  average  power  equals  peak  power) 

2)  Unambiguous  range  measurement  to  large  ranges  (a  Is.ig 
code  gives  the  unambiguous  range) 

3)  Good  range  resolution  (the  bit  wtdtn  determines  the 
range  solution) 

6)  Adaptable  parameters  (code  clock  frequencies#  codes# 
delay  ranges#  etc.  can  be  varied  by  logic  commands) 

inn  - 

A typical  active  optical  TOO  Is  shown  In  Figure  63.  This 
system  Is  of  the  pulse-amp I itude-modul ated  active#  optical  class 
(optical  mnnopulse)  and  utilizes  threshold  detection  with  range 
gating  to  establish  short  and  long  range  cut  offs.  These  fuzes 
can  be  optically  configured  In  several  ways  one  of  which  is  shown 
In  Figure  63  for  analysis  purposes.  This  uses  a single  package 
(ijtAt  laser  array  and  simple  optics#  In  this  case  reflecting  cones 
and  reflecting  wedges  to  obtain  a full  360*  field  around  the 
missile.  The  Incorporation  of  a position  sensitive  Schottky 
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Hgurt  63.  Activi  Optical  TOD*  Functional  Block  Dlagraa 
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bearing  or  poiar  angle*  determination  as  well  is  range  and  range 
rate  • 


Another  form  of  the  optical  TDC  is  the  pulse  amplitude 
system  (proximity  TOO)  utilizing  amplitude  only  without  range 
gating.  Tne  pulse  width  for  such  a system  is  wide*  i.e.  up  to 
several  microseconds*  with  gating  of  the  receiver  only  to  prevent 
noise  false  alarm  triggering  during  the  Interpulse  interval* 

This  is  a M took-wh)  te-transmi tM  system  and  although  lowcost  is 
sublet  to  aerosol  backscatter  triggering.  This  fuze  nas  no 
range  cut  off  and  is  dependent  on  target  radar  cross  section  at 
tne  optical  frequency. 

Significant  characteristics  of  active  optical  TOOs  are! 

1)  Execellent  ECH  operation 

2)  Severe  prefunction  problems  In  an  aerosol  environment 

3!  tange  limited  to  about  SO  ft/15.2* 

<••6.2  aisilmI.sm.Aomimg.£uomxiOAm 

A parallel  can  be  drawn  with  the  missile  seeker  sensors 
«n*n  considering  digital  implementations  of  fuze  target  detection 
devices*  due  to  similarities  in  the  types  of  target  sensors 
e»M i oyeo. 


Tne  greatest  Impact  of  c qltal  processing*  nowever*  c 
be  aide  In  the  timing  of  the  firing  command  to  the  safing  and 
a: sing  device  since  this  has  a direct  bearing  on  tne 
effectiveness  of  any  given  warhead*  further*  the  use  of  more 
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sophisticated  timing  algorithms  using  data  from  the  mlssilo 
guidanca  systam  has  baan  Inhibltad  to  data  by  the  limitations  of 
analog  circuit  technology  and  design  techniques*  With  tha 
foregoing  observations  In  mind*  tha  time  daisy  function  haa  baan 
singled-out  for  further  analysis  and  digital  Implementation  as 
described  In  the  following  paragraphs* 

4.6*3  lima -A ally . Algaxi thma 

The  time  delay  algorithms  selected  for  this  study  are  bit 
two  of  many  possibilities*  Tha  overriding  objective  Is  to  time 
the  warhead  detonation  to  Insure  Intercept  at  the  target  by  the 
warhead  byproducts*  This  l*  accomplished  by  a knowledge  of 
Intercept  kinematics  at  the  time  of  target  detection  by  the  TOO* 

Tne  selection  of  a proper  algorithm  Is  determined  by  the 
Information  available  from  the  missile  guidance  system  and  the 
accuracy  of  this  data*  This  Is  apparent  from  the  algorithms 
presented  In  conjunction  with  the  Input  data  accuracies  shown  In 
Table  27  Part  of  the  Information  needed  Is  not  available  In  Class 
1 missiles  and  hence  the  Inputs  of  relative  velocity  and  miss 
distance  become  constants  derived  from  analysis*  Conversely  all 
the  requires  real-time  data  Is  available  In  Clams  M ard  111 
missiles*  In  addition  the  Information  available  Is  more  accurate 
for  Class  III  missiles  compared  to  Class  II  systems*  resulting  In 
Improved  performance  for  the  Class  III  case* 


li 
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TINE  DELAY  ALGORITHM 

AVA I LADLE  REAL-TINE  DATA  C ASSOCIATED  RNS  ACCURACIES 
{UNITS!  aattra*  lie.*  rad) 

NISS1LE  CLASS 


parameter 

I 

1! 

III 

. u 

N/A 

0*005  V4 

0*005  Vg 
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N/A 

2000 
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The  best  algorithm  for  a system  is  therefore  determined 
by  the  type  of  information  available  and  its  accuracy*  The  two 
algorithms  presented  for  computer  si2ing  purposes  were  selected 
to  provide  two  viable  approaches* 

Table  2o  shows  the  improvement  in  lethality  achieved  in 
progressing  from  a system  without  a TOO  i.e**  guidance  only*  to  a 
TDD  incorporating  a simple  time  delay  as  a function  of  closing 
velocity  and  finally  a system  using  the  second  time  delay 
algorithm  described  in  the  following  paragraphs. 

TABLE  28 

wARHEAD  LETHALITY  VS  FUZE  COMPLEXITY 


Fuze/Miss 

Distance  (feet) 

50 

100 

150 

( meters) 

15*2 

30.5 

45.7 

Guidance 

Onl  y 

0*42 

3*11 

0.05 

Gu idancet 

TDD  i 

Simple  Time 

Delay 

0*58 

0*23 

0*09 

Guidance* 

TDD  t 

Complex  Time 

Delay 

0.73 

0.32 

0*16 

BlQSiam.ilOdulfi-irl 

For  missile  guidance  systems  which  provide  the  parameters 
V£  • OLf  ft  and  Ui  I I isted  in  Table  27) » complemented  by  the 
constants  given  in  Taoie  29*  the  algorithm  shown  in  Figure  64 
optimizes  the  timing  of  the  firing  command* 
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TABLE  29 

TIME  DELAY  PROGRAM  MODULE  F-l  CONSTANTS 

0)  - Fuze  detection  angle 

Vp  - Fragment  velocity 

K - Target  size  f i gur e 

9 - Fragment  thro*  angle 

Figure  65  illustrates  the  intercept  geometry  associated 


witn  Module  F-l 


Ftgure  64  Time  Delay  Program  Nodule  F-l 
F I on  D i agram 


Figure  65  Nodule  F-l  Intercept  Geometry 
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For  guidance  systems  providing  V^»  09  f3,i  (3#  £p  and  £r 
(Table  271#  as  real-time  inputs  together  with  the  constants  Vp 
and  K (Table  29) » the  algorithm  shown  In  Figure  66  would  provide 
improved  lethality  for  a Class  II  or  III  missile.  Figure  67 
illustrates  the  intercept  geometry  associated  with  Module  F-2 • 


Figure  66  Time  Delay  Program  Nodule  F-2,  Flow  Diagram 


Figure  67  Moduli  F-2  Intercept  Geoietry 

6 . 6 • v £ajQLasL_aaau.UaaeQia.<SuaatLy 

Table  lists  the  computer  requirements  for  tach  tine 
delay  module  described  in  the  preceding  eubsectlon,  togetner  with 
coordinate  transformation  algorithms  for  Interfacing  the  fuze 
with  the  missile  guidance  system,  both  time  delay  modules 
require  only  a small  program  t<  126  words)*  while  data  base 
requirements  do  not  exceed  12  words*  The  need  for  the  guidance 
interface  modules  If XI*  and  FX2)  woula  be  subject  to  further 
optimization  ano  Integration  of  the  two  coordinate  systems* 
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For  the  purpose  of  this  study,  mode  control  refers  to  the 
selection  and  execution  of  a specific  set  of  fissile  control 
functions  te.g.,  seeker  head  control,  estimation,  guidance,  etc*) 
to  neet  the  performance  requirements  of  a specific/distinct 
operational  phase*  As  such,  mode  control  is  more  applicable  to 
the  single  computer  missile  system  where  all  missile  functions 
must  be  executed  sequentially  yet  still  in  accordance  with  the 
system  sampling  and  computational  time  delay  constraints* 

In  contrast,  totally  distributed  computer  systems 
(Section  7)  are  characterized  by  the  assignment  of  essentially 
autonomous  functions  to  separate  dedicated  processors, 
eliminating  the  need  for  function  selection  control,  (Ref*  1). 

For  the  single  computer  case,  Table  31  illustrates  the 
various  function  mixes  required  for  each  operational  mode  of  a 
Class  II  missile  with  the  initiating  conditions  for  each  mode 
shown  in  Table  32*  Hence,  for  the  single  computer  system, 
c nventional  real-time  computer  programming  practice  applies, 
where  a real-time  executive  program  is  used  to  monitor  real-time 
t ✓ents/progr am  interrupts,  resolve  priority  conflicts  and 
maintain  smooth  system  operation  to  meet  the  mission  operational 
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MISSILE  COM  ROL  MODE  FUNCTION  MIXES 
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TABLE  32 


MISSILE  CONTROL  MODE  INITIATING  PARAMETERS/ EVENTS 

CLASS  II  MISSILE 


C3MH0L  M3DE 

PARANETER/EVEhiT 

SOURCE 

Test 

Po*er-on 

Command 

Launch  aircraft 
Missile  Control  set/unit 

Initialize 

Tests  complete 
and  satisfactory 

Missile  computer 
test  pro9raa 

Tar9et  Acquisition 

Kead-a In 

satisfactory 

Launch  aircraft 
missile  control  set/unit 

Launcn 

Unbl 1 ica 1 separation 
i Interlock  broken) 

Umbilical 

IPI lot  control  led) 

s id-Course 

Elapsed  tine 
fron  launch 

Missile  interval 
timer 

T e r «t  n 4 l 

Elapsed  tine 

Missile  interval 

1 including  f uz  i rig) 

kMT  or  tgo 

timer  and 
guidance  program 

22  5 


j 


Figure  68  illustrates  a modular  hierarchical  programming 
structure  for  tne  single  computer  missile  system  where  calls  are 
made  downward  to  subordinate  program  modules  to  select  and 
execute  tne  functions  pertinent  to  the  active  missile  mode.  The 
net  result  of  this  mode  control  function  is  the  calling  and 
configuration  of  specific  function  timing  templates  as  shown  in 
Figure  69  in  response  to  mode  initiating  real-time  events.  These 
temoiates  are  structured  into  groups  of  minor  intervals  fsee  time 
line  analysis  of  6.2.2)  corresponding  to  the  shortest  data 
sampling/update  interval  e.g.»  stability  loops.  A complete 
temolate  being  determined  by  the  longest  data  interval  required 
in  the  function  mix  e.g.»  guidance. 
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F Igure  69  Typical  Function  Nix  Teaplate*  Nldeourse  Nod# 
6*7*1  EiaOUli*a..BC  081181 

Figures  70U)  and  (SI  art  first  level  flow  dlagraaa 
Illustrating  tho  executive  control  function  for  Class  It  II  and 
III  sisal  las*  Calls  to  eodo  supervisor  progress  rosult  In  these 
subordlnato  aodulos  calling  for  alssllo  guidance  aodulos  ts.g. 

Si»  SI#  Al»  Oi  etc*)  as  defined  In  the  Phase  1 Final  fteport*  The 
executive  and  supervisory  progress  are  purely  logical  In  nature 
and  hence  reeulre  only  "short"  coaputer  Instructions,  loth 
prograaa  are  fixed  and  stable  for  a given  aisslle  class  and  uould 
therefore  reside  In  prograa/read-onl y aeaory* 
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haaory  and  throughput  raquiranants  ara  datarvlnad  in  tha 
following  subsections  and  suaaarizad  at  tna  and  of  this  saction 
of  tha  report* 

<*•*•2  lQdft-^UAt£*iSA£_£f.Agt*a* 

hoda  supervisory  progress  rasponsibla  for  tesplatftny  tha 
issila  guidance  functions  ara  dascrlbad  in  soie  datail  in  tha 
fclio»ing  paragraphs* 
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Lftsi-Jlfld!  - Figure  71  Is  a flow  diagram  of  the  Test  Mode 
Supervisor  for  either  a Class  lv  !!»  or  III  missile*  Each  test 
subroutine  (See  Section  4*9)  Is  itself  a block  of  code  executed 
sequent  la  1 1 y f and  the  call  to  the  routine  Is  merely  a Jump  to  the 
first  location  in  the  sequence. 
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Figure  71  Test  Mode  Supervisor*  Flow  Diagram 


At  the  time  of  the  jump,  the  supervisor  stores  its  current 
instruction  address  to  return  to  the  program  when  the  test 
subroutine  nas  been  executed.  This  causes  the  supervisor  to 
checK  a ftag  generated  by  the  test  routine#  and  if  the  test  has 
been  successful  the  next  test  is  called.  Failure  to  pass  a test 
causes  a specific  external  status  line  to  be  set  which  alerts  the 
launch  aircraft  missile  control  set  to  the  no-go  situation  and 
sets  the  computer  into  a telemetry  only  mode  until  it  is  either 
snut  down  or  a restart  from  the  aircraft  is  received. 

After  every  two  tests  are  passed9  the  telemetry  program 
modjle  (Section  4.8)  is  called  so  the  state  of  the  system  can  be 
assessed  on  tne  launch  aircraft.  Since  the  last  test  in  the 
sequence  is  a telemetry  test*  the  computer  idles  until  an 
interrupt.  generateJ  by  either  the  aircraft  computer  or  by  test 
personnel*  is  received*  indicating  that  tnese  external  monitors 
are  satisfied  witn  the  system  operation  up  to  this  point. 

Control  is  then  passea  to  the  executive  which  calls  for  the 
initialize  Mode  Supervisor. 

Tnirty  i^.t  words  of  ROM  program  memory  are  needed  for 
tne  Test  Mode  Supervisor  of  a Class  I or  II  missile*  while  forty 
ei9ht  are  needed  for  Class  HI.  Note  that  there  Is  no  inherent 
tnrougnput  requirement  on  this  mode*  as  each  test  is  called  only 
once;  the  requirement  is  dictated  by  tne  amount  of  time  allotted 
to  tne  overall  test  function. 

lailiaU.za._tia<la  - Unce  the  Test  mode  is  completed  and  the 
computer  ana  subsystem  are  Known  to  be  working  properly*  the 
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executive  calls  the  Initialize  Mode  Supervisor  to  ready  the 
system  for  launch.  Several  control  flags  are  set  to  zero*  and 
tne  computer  inputs  the  required  data  from  the  aircraft  (see 
Figjre  72).  when  this  is  cc.pleted*  the  missile  fins  (wings* 
tails)  are  commanded  to  zero  degrees  so  unwanted  aerodynamic 
mom.,  nts  will  not  be  induced  on  the  missile  during  launch. 

Tne  only  expected  differences  between  missile  classes  in 
tne  initialize  mode  are  the  number  of  inputs  to  be  read  over  the 
missile/aircraft  umbilical.  These  inputs  are  listed  in  Figure  72 
and  result  in  tne  memory  requirements  shown  for  control  of  this 
mode.  Again*  computer  throughput  requirements  are  not  affected 
by  the  i n i t i a I i za i ton  procedure*  other  than  tnat  all  pre-launch 
functions  must  oe  accomplished  within  some  predefined  time 
interval.  This  interval  should  always  be  long  enough  that  its 
impact  on  computer  speed  is  at  most  minimal*  i.e.  it  should  not 
drive  the  computer  performance  and  hence  the  size*  weight  and 
power  consumption  of  the  machine. 
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Figure  12  Initialize  Mode  Supervisor  Flow  Diagram 


Exaiaun£b_io<i£  - This  aode  takes  the  Missile  Iron 
initialization  to  launch*  as  shown  in  Figures  73  through  75.  In 
Classes  I and  11*  three  distinct  sub-modes  can  be  identified  in 
prelaunclu  pre-acquisition*  acquisition*  and  post-acquisition* 
The  first  of  these  in  a Class  I missile  (Figure  73)  calls  for 
head-aim  and  telemetry  functions*  with  global  angle  commands 
being  received  over  the  umbilical  and  compared  with  global  angle 
readouts*  Mote  also  that  fin  commands*  zeroed  during 
initialization  mode*  are  repeatedly  sent  out  In  order  to  overcome 
any  possible  0-A  drift* 


Head-aim  continues  until  the  seeker  Is  pointed  to  within 
some  predetermined  error  from  the  commanded  angle.  Until  tula 
occurs*  the  mode  supervisor  keeps  calling  the  head  aim  sequence* 
as  shown  in  the  figure* 
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Figure  75  Pre-Launch  Mode  Supervisor,  Flow  Diagram, 

C lass  III  Missile 

Cycling  is  accomplished  by  means  of  a WAIT  rojtine  (see  Figure 
76)  which  allows  the  computer  to  idle  until  the  required  number 
of  milliseconds  (8,  in  this  first  case)  have  elapsed  since  the 
sequence  was  last  started* 

Llnce  the  pointing  error  is  within  limits,  the  acquisition 
submode  is  entered,  similar  to  head-aim  except  that  acquisition 
signal  processing  is  called  after  the  riead-Aii  program  module* 
(For  clarity  in  tnese  mode  diagrams,  all  signal  processing  is 
identified  by  tne  call  MGPRQ*  The  specific  function  being 
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Fi9Jre  76  Mode  Supervisor  Utilities*  Flo*  Diagrams. 


accomplished  is  evident  from  its  location  in  the  control  stream). 
As  Figure  73  indicates*  it  is  assumed  that  all  of  tne  acquisition 
phase  functions  can  be  accomplished  in  an  a msec  interval*  after 
tahtt  the  phase  recycles.  If  the  signal  processing  operations 
overrun  the  interval*  they  can  be  handled  as  background/ 
interleaved  functions*  as  explained  below. 


When  the  target  is  acquired*  the  acquisition  flag  Is  set* 
after  which  tne  Head-Aim  module  I $31  is  no  longer  needed.  The 
'.eeter  is  then  stablizeo  along  the  line  of  sight  by  the  Track  and 
Stat  iiiation  routine*  Module  SI*  called  every  4 ssec.  Other 
fun,  tons  performed  during  this  phase  include  sending  a ready 
indication  to  the  almraft*  issuing  zero  fin  commands*  and 


telemetry.  Also  on  every  pass  a check  is  made  on  whether  the 
umbilical  has  separated  (which  sets  the  launch  flag)*  in  which 
case  control  immediately  transfers  to  the  Launch  Node  supervisor. 
If  this  has  not  occurred*  the  track  signal  processor  is  called. 

As  the  Class  I controller  is  configured*  track  signal 
processing  is  treated  as  a background  function.  That  Is*  it  is 
not  an  operation  that  must  be  completed  every  4 msec*  as  the  SB 
and  TELE  functions  must.  Rather*  If  the  calculations  involved 
are  going  to  overrun  the  basic  minor  Interval  (4  msec  for  Class 
I)*  the  signal  processing  Is  Interrupted  and  its  current 
instruction  address  stored.  The  4 msec  routines  are  then 
re-executed*  after  which  the  tracking  function  resumes  from  where 
it  had  left  off.  That  the  function  will  be  completed  within  Its 
allotted  update  time  Is  assured  by  designing  sufficient 
throughput  capabl I ity  into  the  computer. 

In  general*  all  routines  that  run  at  a slower  rate  than 
the  basic  minor  interval  will  be  considered  background  functions* 
to  be  called  as  time  permits.  The  Interrupt  routine*  triggered 
by  pulses  from  the  real-time  clock*  is  shown  In  Figure  4.7*9*  and 
is  used  to  control  the  interruption  of  the  background 
calculations. 

Note  that*  if  the  target  has  been  lost*  the  supervisor 
reverts  back  to  the  acquisition*  sub-mode. 

The  Pre-launch  supervisory  program  for  a Class  II  (max.) 
missile  Is  shown  in  Figure  74*  and  Is  more  complex  than  the  Class 
1 supervisor  because  of  the  attitude  reference  updating  that 


begins  immediately  after  initialization  (see  Figure  5*2*5  of  the 
Pnase  l report). 

while  tne  basic  minor  interval  is  now  2 msec*  missile 
attitude  is  updated  every  10  msec;  and  velocity?  position?  and 
aerodynamics  estimates  are  updated  every  50  msec*  These  last 
functions  are  considered  background  operations?  while  the  10  msec 
routine  is  triggered  by  a counter?  C*  Mote  tnat  either  the 
bacwground  or  the  attitude  determination  can  be  interrupted  by 
the  ? m*ec  cIock. 

Except  for  the  added  functions?  the  Class  II  mode  control 
is  essentially  the  same  as  Class  I*  In  Class  III?  however 
(Figure  75)?  acquisition  does  not  occur  until  after  launch?  so 
this  phase  is  omitted  from  the  Pre-launch  mode?  accounting  for 
tne  lower  memory  requirement  in  the  Class  ill  supervisor  compared 
with  Class  11*  since  the  attitude  reference  functions  operate  at 
a nigner  data  rate  in  Class  III?  they  have  been  removed  from  the 
bacxqorund  dIock  and  placed  in  the  main  control  stream. 

Liiuocn.&Qde  - The  launcn  mode  supervisor  for  a Class  11 
missile  Is  snown  in  Figure  77 • In  this  mode?  tne  missile  flies 
without  guidance  commands?  tne  fins  commanded  to  zero?  until  the 
launch  aircraft  is  cleared?  a duration  of  less  then  a half 
second*  In  each  class?  therefore?  tne  supervisor  Is  a repeat  of 
tne  last  phase  of  Pre-launch  ?odt#  with  some  additional  functions 
aoded  to  prepare  tne  missile  for  other  flight  pnases* 
Specifically?  in  eacn  background  block?  the  guidance  filters  and 
autopilot  gain  selection  routines  are  now  included?  so  that  their 
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transient  responses  may  die  out  before  their  outputs  are  needed 
for  guidance. 


Although  only  the  Class  II  flow  is  shown  on  the  figure* 
memory  requirements  for  all  three  classes  are  given* 

Slew-Uuae  - Only  Class  III  missiles  execute  an  air  slew* 
tne  control  for  which  is  shown  in  Figure  78.  Missile  motion  is 
controlled  by  the  slew  algorithm  (Module  A3)  and  slew  autopilot 
(Module  A <*)  ; ana  the  seeker  continues  to  be  aimed  by  the  S3 
module*  driven  oy  outputs  from  the  attitude  reference  system* 

All  other  functions  are  the  same  as  during  Launch  mode* 
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Figure  78  Slew  Mode  Supervisor#  Flow  Oiagree 
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Jildcnu x.sft_lndA  - In  a Class  1 missile*  Hldcourse  and 
Terminal  modes  are  the  same*  so  a separate  Hldcourse  Is  not 
discussed.  In  Class  II  (Figure  79),  Hldcourse  continues  until 
e.tner  range-to-go  or  time-to-go  drop  below  some  specified  values 
proportional  navigation  guidance  is  used,  the  seeker  Is 
stabilized  along  the  target  line  of  sight,  and  autopilot  and 
attitude  reference  functions  are  executed  at  their  required 
rates.  In  short,  all  of  the  functions  needed  for  guided  missile 
fltgnt  are  utilized  ir  Hldcourse. 

The  basic  minor  inter  al  is  2 msec  in  Class  II,  and  since 
tne  basic  autopilot  calculations  need  only  be  executed  at  a 
250  Hz  rate,  these  operations  can  be  skipped  on  alternate  passes 
tnrough  the  supervisor  routine.  The  attitude  determination 
modjle,  11,  which  runs  at  a 100  Hz  rate,  is  called  by  the 
counter,  C,  while  all  of  the  slower  50  msec  routines  are  handled 
as  background  functions.  As  shown,  69  words  of  program  memory 
ure  needed  for  control. 

Note  that,  should  the  target  be  lost  during  flight,  the 
executive  does  not  respond  by  calling  for  the  acquisition 
supervisor  as  in  Class  ill  missiles,  since  the  desired  line  of 
sight  angle  is  not  known,  but  instead  sets  the  warhead  detonation 
'tag  to  Initiate  - ssiit  self-destruct. 
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Figure  79  M i occur Hob#  Supervisor,  Flow  Dlagraa  (Class  II 

Missils) 


Class  III  iidcours#  (Flour#  80)  is  #ss#ntially  th#  saa# 
as  Class  II,  #xc#pt  that  sos#  of  th#  updat#  ratos  ar#  ehangad. 
Also,  guidanc#  cossanda  ar#  not  cosput#d  on  board,  but  ar# 
rocoivao  via  an  uplink.  S##k#r  pointing  cossanda  ar#  also 
received  via  the  uplink  ( th#  tar##t  having  not  o#an  acoulreo  at 
tni*  point)  an#  tn#  systes  usos  th#  I Inoar  9-state  f##dback 
pro^ras  for  stabilisation.  69  words  of  sasory  ar#  required  for 
*.n#  supervisor. 


laiiD.LD£i-&£d6_  - Figure  81  shows  the  Class  1 Terminal 
Mode  Supervisor*  including  the  call  to  the  fuzing  algorithm  when 
estimated  time-to-go  drops  be 1 on  a specified  value.  The  minor 
interval  in  this  phase  of  flight  is  4 msec*  and  seeker 
stao i I i za t i on  * autopilot*  fuzing  and  telemetry  functions  are 
called  at  this  rate.  Note  that*  should  the  target  be  lost  at  any 
time*  the  warhead  is  detonated*  self-destructing  the  missile. 
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Figure  dl  Terminal  Mode  Supervisor*  Flow  Diagram  (Class  1 

Missi  le) 
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I rtti  maximum  throughput  requirement  for  mode  control  Is 
determined  by  the  lennlnal  mode,  since  all  of  the  missile 
functions  are  being  performed  at  this  time  and  the  number  of 
supervisor  operations  per  minor  interval  are  also  a maximum*  For 
Class  I,  28  thousand  equivalent  adds  per  second  are  needed,  along 
with  48  word  of  RUM  memory* 

The  Class  II  and  III  missile  Terminal  Mode  Supervisors 
are  shown  in  Figures  82  and  63,  respectively*  They  both  have  2 
msec  minor  intervals,  and  to  save  time  the  pitch  and  yaw  basic 
autopilot  functions  (outer  acceleration  loop  closures),  which 
eacn  run  at  4 msec  intervals,  are  split  up  and  executed  In 
alternate  minor  intervals.  The  Class  II  missile  self-destructs 
when  the  target  is  lost,  but  the  Class  111  executive  transfers 
control  back  to  the  acquisition  mode  supervisor*  Memory  and 
throughout  increase  in  the  higher  classes,  keeping  pace  with  the 
increasing  number  of  subroutines  that  must  be  called* 

4 * / * 3 

Taole  33  summarizes  the  memory  requirements  for  the  mode 
control  function  as  it  applies  to  the  single  computer  system,  for 
eacn  missile  class*  Including  the  two  utility  routines  shown  and 
a 3:*  increase  for  uncertainty,  from  280  to  629  ROM  words  are 
hi  eded* 


Throughput  in  Kaps,  including  tne  33*  uncertainty  factor 
ranges  from  36  to  117.  These  must  be  included  wlti  all  other 
missile  functions  when  determining  the  maximum  computer  loads  for 
a single  central  computer  system* 


figure  *2  Terminal  Hode  Supervisor*  flow  Diagram* 
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TABLE  33 


MODE  CONTROL  FOR  SINGLE  COMPUTER  SYSTEMS 
COMPUTER  REQUIREMENTS  SUMMARY 
(PROGRAM  MEMORY  £ THROUGHPUT) 

MISSILE  CLASS 


OPERATING  RODE 

I 

II 

III 

Test 

38 

38 

48 

Initial iza 

12 

26 

48 

»P  relaunch 

7L 

99 

46 

Launch 

2L 

47 

52 

S 1 e« 

- 

- 

52 

Midcourse 

- 

69 

69 

Acquisition 

- 

- 

63 

Teralnal/End  Gaae 

48 

71 

81 

Utility  Routines  (Interrupt*  Malt) 

25 

25 

25 

Contingency  130*) 

65 

113 

145 

Prograa  Meeory  (Mds)r 

280 

488 

629 

TOTALS 

’’Throughput  (Kaps) : 

36 

105 

117 

LE&E&Ol 

* Classes  1 C II  acqulra  In  Pralaunch  Moda.  Class  IU 
acqulras  during  Acquisition  ( Post-Launcn)  Mods, 

••  Teralnal  Mods*  including  30t  uncertainty  factor. 


Lalamfiliy 


'*  • 8 


The  telemetering  of  missile  performance  data  to 
ground-based  receiving  equipment  becomes  most  effective  when  the 
missile  is  flown  in  an  all-up  tactics!  configuration  and  in  a 
realistic  intercept  environment.  Consequently*  in  a digital 
missile  the  on-board  computer  system  must  be  capable  of 
supporting  telemetry  throughout  the  test  flights  and  without 
interfering  with  the  normal  guidance  and  control  functions. 


r 


ON-BOMS  COMFirm 


DISCRCTC 

UMM 


DOWN- 

LINK 


Figure  d<*  Computer  Controlled  Telemetry  Oats  Acquisition/ 
Transmission  System  Block  Diagram 
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Throughput  and  memory  requirements  for  telemetry  must 
therefore  be  added  to  the  computer  loads  for  missile  guidance 
wnen  specifying  the  computer  requirements  for  a single  computer 
system  configuration!  or,  alternatively  the  telemetry  load  can  be 
assigned  to  a separate  microcomputer,  dedicated  to  the  telemetry 
function  which  in  turn  could  be  removed  entirely  from  final 
production  models  of  the  missile. 

Since  the  data  to  be  downlinked  is  stored  in  computer 
memory  as  digital  words,  the  simple  t and  most  accurate  means  of 
transmittal  to  the  ground  equipment  is  serial  pulse-code* 
modulation  IPCMl  using  frequency  modulation  of  a radio  frequency 
carrier  i.e.  PCM/M. 

Figure  shows  a modular  on-board  missile  computer  with 
data  acquisition  and  transmission  modules  added  for  the  telemetry 
function.  Analog  test  data  (e.g.  battery  voltages,  analog 
pick-offs)  are  time  multiplexed  for  sampling,  A-D  conversion  and 
direct  entry  into  assigned  locations  in  computer  memory  (RAH). 
Parallel  digital  and  discrete  data  sources  (e.g.  shaft-encoders 
a,-'-;  relays)  are  input  to  adjacent  RAH  locations  via  programmed 
inout-output  channels.  The  data  to  be  telemetered  should  be 
ordered  into  contiguous  locations  for 


sequential  access  and  output  word-serial  , bit-parallel  to  a 
buffered  serial  I/O  channel  which  temporarily  stores  and  converts 
eacn  parallel  computer  word  into  a serial  bit  stream9  adding 
message  synchronizing,  control  and  word  parity  bits.  Completely 
formatted  messages  can  then  be  output  to  a modulation  module  (172 
modem)  whicn  converts  tne  serial  bit  stream  Into  a frequency 
modulated  signal  for  transmission  via  the  transmitter  and  antenna 
to  the  PCM  ground  telemetry  facility.  Figure  65  shows  typical 
PCM  telemetry  formats  for  missile  flight  testing. 
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Figure  85  PCH  Teleaetry  For.ats 
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In  single  computer  system  configurations  telemetry  is 
jjst  one  of  many  functions  the  computer  must  execute*  and  hence 
data  transmission  can  not  be  performed  continuously  as  In  analog 
or  federated/distributed  computer  systems.  Telerstry  data  must 
tnerefore  be  arranged  into  blocks  of  words  which  can  be  sent  out 
at  a rate  of  one  block  every  minor  timing  interval  (see 
Subsection  6.2.2)*  and  formatted  with  parity*  identification  (ID) 
and  synchronization  information  to  permit  digital  decommutation/ 
de;pj  1 1 Ip  I ex  i ng  by  the  ground  equipment. 

In  a federated/distributed  computer  system  a processor 
would  ce  dedicated  to  the  telemetry  task  and  consequently  the 
timing  constraints  are  relaxed. 

Since  the  single  computer  system  presents  the  most 
critical  case  for  computer  sizing  purposes*  the  following 
discussion  will  be  confined  to  this  method  of  Implementing  the 
telemetry  function.  Computer  control  of  the  telemetry  function 
in  a single  computer  system  is  performed  as  follows.  During  each 
minor  timing  interval*  the  active  mode  supervisor  calls  the 
telemetry  subroutine  which  is  indexed  to  transfer  sequential 
blocks  of  data  to  the  serial  I/U  chtnnel.  A beginning  of  block 
(BOd)  address  pointer  fl)  Is  used  such  thet  prior  to  exiting  the 
telemetry  subroutine*  I is  incremented*  so  that  on  the  subsequent 
call  a new  block  of  data  can  oe  accessed. 

Tne  telemetry  subroutine  TELE  is  shown  In  Figure  86. 
Depending  on  the  current  mode  of  the  missile  (Prelauncn* 
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Figure  86  TELE  Subroutine,  Flow  Diagram 


Hidcourse,  etc.),  a different  Initial  value  of  the  BOB  address 
pointer  l is  chosen,  as  well  as  the  final  value  the  pointer  will 
have  within  the  particular  node,  hence,  the  data  block  to  be 
transferred  can  be  changed  froe  node  to  node,  if  desired. 


A separate  parameter,  J , is  used  to  keep  track  of  analog 
inpjt  parameters  not  used  in  eissile  guidance  computations  but 
required  for  telemetering.  The  compute*  reads  one  of  these 
voltages  on  each  pass  through  the  subroutine  and  stores  the  value 
In  < AH  meiory  from  which  it  is  called  later  for  transmittal, 
jnct*  iaad,  tnerefore,  an  analog  quantity  can  be  treated  as  any 
otner  variable  in  a particular  data  block.  As  the  TELE 
subroutine  is  configured,  the  same  analog  signals  are  read 
regardless  of  missile  mode.  This  arrangement  could  be  modified 
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by  a software  change r if  desired 


The  first  word  output  during  each  minor  interval  is  the 
data  block  identifier*  which  is  the  current  contents  of  the  BOB 
address  I pointer.  Tne  word  contained  in  memory  location  I is 
the  address  of  the  first  data  point  in  the  particular  data  block 
being  called.  The  subroutine  then  automatically  indexes  through 
tne  string  of  variables  until  a programmed  number*  H * has  been 
output*  i.e.  end  of  block.  Following  this*  1 is  incremented  so 
that  in  the  next  minor  interval  the  next  data  block  will  be  sent 
out.  If  all  of  the  data  blocks  for  a particular  mode  have  been 
sent*  the  I is  reset  to  Its  Intial  value  for  that  mode*  and  tne 
entire  process  recycles. 

By  organizing  tne  required  data  into  blocks*  It  can  be 
readily  changed  from  flight  to  flight  and  also  from  mode  to  mode 
during  a particular  flight*  since  the  pointer  register  I points 
to  the  address  of  the  first  word  in  the  data  block*  which  in  turn 
Is  used  for  "relatively  addressing"  the  telemetry  data. 

<*.8 .2  Imlmmmmuaa.il,  Lists 

Tables  36*  35*  and  36  list  representative  blocks  of  data 
by  eissile  class.  For  Class  1 and  minimum  Class  II  missiles  each 
data  olock  is  limited  to  2 words*  to  minimize  tne  computer  load. 
For  maximum  Class  II  and  for  Class  III  missiles*  telemetry  data 
blocks  contain  6 words  each.  The  data  shown  in  tne  tables  is 
based  on  tne  algorithms  used  In  each  missile  class*  and  these  are 
listed  in  Chapter  s of  the  Phase  I Final  Study  Report.  Two 
analog  voltages  are  converted  and  telemetered  for  each  actuator 
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and  gimbal  and  lor  the  receiver  electronics*  Test  flags  included 
in  the  lists  are  internally  generated  indications  of  the  status 
of  test  rojtines  that  the  computer  runs  through  prior  to  launch* 
Tnese  Mould  only  be  telemetered  prior  to  launch* 

Although  a certain  number  of  data  blocks  are  projected 
for  each  missile  class*  any  particular  block  can  be  sent  out  r.t 
any  desired  rate*  Assume*  for  example*  that  in  a minimum  Claes  I 
missile  all  16  data  blocks  are  to  be  sent  out  each  major 
telemetry  cycle*  and  that  it  is  desired  to  transmit  the  antenna 
rates*  block  15*  twice  as  often  as  the  other  variables.  If  the 
6J6  addresses  occupy  location  100  to  117  in  memory  (corresponding 
to  1 = 100  to  I * 1171*  then  all  that  is  necessary  to  send  block 
15  twice  as  often  is  to  put  tne  BOB  addross  for  this  block  (e*g.» 
tne  location  of  ) in  both  locations  105  and  114*  and  to  add 
location  il6  to  the  memory  requirements  for  the  telemetry 
function* 
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TABLE  35 


TELEMETRY  DATA  LIST 
CLASS  II  MISSILE 

Bloc**  l through  of  class  I ntsslla  Oats  plus  tha  following: 


nl*MUM 

BlOCA  MO.  PARA1ETER 


1. 


3. 


A. 


I. 


9. 


10. 


II. 


Actuator  a3  volt. 

;2I 

6 3 CoaaanO  • 

63 

Na  I Am  It  I ACC.)  • 

I Btl  I |My  Roto) 


R IMtoouroO  RUT  I 
R If  at InatoO  RMT) 

4 HstlaatoM  vc  i 
6 R IRoll  lift  CoaaanO) 
So  Hitch  f In  Conaono) 
6y  I V on  Hn  CoaaanO) 

C,  I A/P  Cain) 
tt  I A/P  Cain) 

C3  I A/P  Calnl 
R I f l Itot  Ca Ini 
C IP  1 1 tor  6a  In) 
h miioi  Cain) 
tr¥  U*ooa#  Coop. I 
£rj  l*a#oao  Coap.i 
a.  lift.  Acc.l 
0.  lift.  Rot.) 


MAXIMUM 

CLASS  II  (M1M.)  DATA  PLUS  THE 
FOLLOMIMCI 


•LOCK  NO. 


12. 


13. 


U. 


rs. 

u. 


PARAMETER 


Actuator  R4  volt  • 
* 12) 

6c  CoaaanO 


54 

T 

R II 


) 


N ii  ICovor lonoo  lloa) 

Mfj ICovor lonco  Eloa) 

So Ka variant,  (loo) 

0c  IRoll  (hbohAI 

Op  IP.  An«lo  of  Attack) 
•a 

IT.  Ant lo  *f  Attack) 
« IDyn.  Pr ooouroi 
4 ISA)  I lononto 
MIOOllO  MOOR 
I IMA)  i lononto 


iv last  au  Ciaao  II  imps.:  Oata  ilocko  contain  a vatlaoloa. 


l no  lea  too  oata  mock  lo  sont  out  At  o MlfMof  toto  I nan  Inal  «2  I 
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TABLE  3b 


TELEMETRY  DATA  LIST 
CLASS  III  MISSILE 


lass  I:  Blocks  1 tnrough  21  Arranged  In  blocks  of 

Class  11:  Blocks  1 through  lb  <•  variables  each 

P lus  the  I ol lowing: 


minimum  maximum 

Bl  3C K NO.  PARAMETERS 


BLOCK  NO.  PARAMETERS 


I»C  v I Seeker  Coap.) 

— 

— 

GlP  (Seeker  Coap.) 

G. 

G 

IP)  • tenants 

Tc  (Seeker  Coap.) 

Of 

seeker 

qua dr  at ic 

Tu)  IT  rack  Qual i ty 

control 

Indicator) 

* calculated  aaro 

5. 

Ki 

(Sle* 

A/P 

Gi  i n) 

k2 

{Slew 

A/P 

Gain) 

U2 

(Slaw 

A/P 

Gain) 

Vc  (Guidance  Gain) 

Uj 

(Slew 

A/P 

Gain) 

(Guidance  Gain) 

P|  (Guidance  Gain) 

\ (Guidance  Gain) 

Ir 


ir.uitJlts  it  j block  is  sent  out  at  a Mane?  rata  (noalnal  *2  i 
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Metiory  requirements  for  the  telemetry  function  are  listed 
in  Table  37.  Data  memory  locations  are  included  for  each  value 
of  i i (assuming  a software  pointer)  and  locations  must  be  added 
for  those  clocks  that  are  sent  out  at  a higher  rate 
i.e.  repeated.  For  tne  purposes  of  this  study * those  blocks 
listed  with  an  asterisk  in  Tables  34  through  36  are  assumed  to  be 
sent  out  twice  as  often  as  the  other  variables*  resulting  in  the 
additional  locations  shown  in  Table  37. 

In  each  telemetry  mode9  an  initial  and  a final  value  of 
the  BOB  address  pointer  (I)  must  be  provided*  and  in  Missile 
Class  1 and  II  i telemetry  modes  are  assumed:  Pre-Launch* 

Pre-Acquisition;  Pre-Launch*  Acquisition;  and  Post-Launch*  The 
first  of  tnese  covers  testing  and  missile  checkout  prior  to 
target  acquisition  and  the  second  covers  all  activity  from 
acquisition  to  launch.  A Class  111  missile  breaks  the 
Post-Launch  mode  into  Launch/Slew*  Midcourse*  and  Terminal  modes* 
since  in  this  Class  each  of  these  modes  may  have  widely  differing 
cnaracter 1st  ics. 

Lastly*  space  must  be  provided  for  each  of  the  analog 
variables  that  are  read  into  the  computer  prior  to  transmittal, 
ihrje  were  listen  m previous  tables*  and  their  number  is  shown 
in  Table  37.  Tne  subtotal  of  RAM  data  memory  locations  is  shown 
ana  2u*  of  this  subtotal  is  added  for  contingency  purposes.  The 
TtLr  subroutine  of  Figure  64  requires  approximately  50  words  of 
program  meiory  iRGli  resulting  in  the  total  memory 
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TABLE  37 


TELEMETRY  COMPUTER  REQUIREMENTS  (MEMORY) 

MISSILE  CLASS 

MERORY  I 11  HI 


ASSIGNMENTS 

MIN 

MAX 

MIN 

MAX 

MIN 

MAX 

Data  Blocks 

IB 

21 

32 

21 

24 

26 

Repeated  Data  Blocks 

2 

4 

6 

4 

5 

6 

Te 1 emet ry  Modes 

3 

3 

3 

3 

5 

5 

(2  Locat ions/Mocie) 

(6) 

(6) 

(6) 

(6) 

(10) 

(10) 

Analog  Sources 

13 

13 

15 

17 

17 

17 

S02T0T  AL ( RAM ) 

39 

44 

59 

48 

56 

59 

20*  Contlngency(RAM) 

8 

9 

12 

10 

12 

12 

Programs  i ROM) 

50 

50 

50 

50 

50 

50 

TOTALS  RAM: 

47 

53 

71 

56 

68 

71 

ROM: 

50 

50 

50 

50 

50 

50 
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requirements  shown  in  the  table 


Using  tne  smallest  intervals  shown  in  Chapter  5 of  the 
Phase  I Final  Report  ano  assuming  16-bit  words  are  downlinked* 
bit  rates  from  12  Kilobits  to  40  Kilobits  per  second  are  required 
depending  on  missile  class*  (Table  37). 

Tne  telemetry  subroutine*  except  for  the  read  function* 
is  composed  of  short  operations  (load*  jump*  etc*)*  Analog  data 
inputs  are  assumed  to  take  10  add  times  each* 

TABLE  38 

TELEMETRY  COMPUTER  REQUIREMENTS  (THROUGHPUT  t DATA  RATE) 

MISSILE  CLASS 

1 II  111 


PARAMETER 

MIN 

MAX 

MIN 

MAX 

MIN 

MAX 

Minor  Interval  (msecs) 

4.0 

4.0 

2.0 

2.0 

2.0 

2.0 

Computer  dds/Mlnor  Interval 

3 

3 

3 

5 

5 

5 

Serial  bit  Rate 

12.0 

12.0 

24.0 

40.0 

40.0 

40.0 

Irt i 1 obi ts/Sec) 

Data  K epet i t ion 

72.0 

92.0 

72.0 

46.0 

54.0 

60.0 

Interval  (msecs) 

COMPUTER  THROUGHPUT  (Kaps) 

16.0 

I 

O'  1 

• j 

© 1 

1 

i 

32..0 

36.0 

36.0 

36.0 
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For  the  purposes  of  this  study  missile  readiness  tests 
encompass  the  on-board  computer  Is ) , guidance  and  control 
programs,  input-output  interfaces,  telemetry,  seeker  and  missile 
control  servos.  Such  tests  are  performed  by  the  execution  of 
test  program  modules  in  the  on-board  computer(s)  prior  to  missile 
launch  and  in  response  to  a command  from  the  aircraft 
avionics/central  integrated  test  subsystem  (CITS)  computer  via 
tne  umbilical  interface.  Test  programs  are  therefore  assumed  to 
be  executed  off-line  without  severe  timing  constraints  with 
memory  requirements  becoming  the  chief  consideration. 

In  the  case  of  a single  computer  system  the  execution  of 
all  test  programs  depends  upon  the  serviceability  of  the  missile 
computer,  specifically:  the  I/O  channel,  CPU , program  memory, 

data  memory  and  power  supply.  A single  failure  in  any  one  of  the 
latter  computer  components  would  therefore  inhibit  missile 
subsystem  tests. 

For  federated/ d istr ibuted  computer  systems  the 
avionics-missile  test  command  would  be  distributed  to  each 
subsystem  computer,  such  that,  a computer  failure  would  be 
s>ntnomous  with  a specific  subsystem  failure,  (e.g.  radar  sensor, 
U censor,  guidance,  autopilot,  fuze,  telemetry),  thereby 
isolating  a fault  to  a line  replaceable  unit  (LRU). 

In  all  cases,  test  result  reporting  is  in  tne  form  of  a 
"go/no-g©"  indication  to  the  launching  aircraft  avi oni cs/C ITS 
computer . 
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4.9.1  LaxftuiaL.iellrlesis 


iaaiiiiaXiaD.Lxaaiiiigm.Iasi-  The  first  computer  self -test 
is  an  operational  check  of  the  instruction  sett  using  the  central 
processing  unit  (CPU)  and  main  memory.  Operands  with  predefined 
bit  patterns*  such  as  all  I's  or  alternating  l’s  are  used  to 
ensure  that  subtle  failure  modes  are  not  present  in  either  the 
CPU  or  in  memory  transfers.  Figure  87  is  a flow  diagram  of  the 
instruction  test  module*  ST-1. 


CONSTANT-.  A(I)- INITIAL  BIT  PATTEtNS\  I MAX  {NO.  OF  INITIAL 
BIT  PATTE£NB)i  AMAX 


ourraT'.  flag": 


Figure  tt7.  Computer  instruction  Test  Program  Module  ST-1* 

F I ow  Diagram 
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Fojr  basic  aritnmetic  operations  are  performed  on  the 


operand  A*  whicn  could  be  unity  on  the  first  pass  through  the 
routine.  Pre-computed  results  are  stored  in  main  memory  to 
verify  each  test  result.  On  subsequent  passes*  the  single  binary 
"1"  bit  is  placed  in  increasingly  significant  bit  positions  of 
the  A word*  and  the  arithmetic  operations  are  rechecked.  When 
eacn  bit  location  has  been  exercised*  two  M1H  bits  (e.g*9  binary 
101)  are  placed  in  A*  and  the  entire  test  recycles.  In  addition 
to  aritnmetic  and  logical  operations  jump  instructions*  indirect 
addressing*  and  shi't  operations  are  checked  in  the  process* 
prior  to  any  other  tests  being  conducted.  The  output  of  this 
test  is  a go/no-go  flag  indicating  whetner  or  not  the  test  was 
successfully  completed. 

Module  ST-1  occupies  approximately  50  words  of  read-only 
program  memory  «ith  read/write  memory  being  used  for  intermediate 
data  storage.  For  general  register  machines  the  entire  test 
would  be  repeated  using  different  operational  registers  and 
associated  instructions. 

Data  memory  requirements  for  module  5T  — 1 are  10  Plus  1 
for  every  initial  value  of  A.  Requirements  for  this  and  other 
modules  are  summarized  in  subsection 


E£a8£aA_£fifli>.L*_l&sl  - In  read-only  or  programmable 
reaa-only  memory*  (PlkOK*  tests*  programs  table-look-up  end 
discrete  constants  are  checked  by  adding  each  word  successively 
in  the  CPU  and  comparing  the  total  sum  with  a "check-sum*  word 
wnicn  is  tne  last  word  in  memory.  Figure  88  is  a flow  diagram  of 
the  program  memory  test  module  ST-2.  This  routine  is  common  to 
all  missile  classes  since  it  is  a repeated  do-loop. 


CONSTANT*.  PM l,  FMLW  iFie&T  AMO  LAST  UXAT/OMS  OF  PM)\  OMJ,  OMLW 
(FUST  AMp  LAST  LOCATtCMS  OF  OM) 


IMiT/AL  HC  ' COtJM  F • J.,  FLAGTlmQ. 


fTDTJ 


m t Z4  eoM 
DM:  S HOM 


tkift'l tf%  FLASH 


figure  88.  Computer  Program  Memory  Test  Module  ST-2t 

F I ow  Diagram 
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Uata_iiijmai:y_l£Sl  - Read/write  memory  (RAM)  Is  checked  by 
first  writing  a specific  data  value  in  successive  memory 
locations  and  tnen  reading  these  out  and  checking  against  the 
fixed  reference  value  for  correctness*  Figure  89  is  a flow 
diagram  of  the  oata  memory  test  module  ST-3  which  checks  every 
memory  location  in  this  way,  using  data  word  A,  which  can  be  set 
at  different  values  on  successive  passes  throj.gh  the  routine  for 
added  confidence  in  memory  operation*  Approximately  words  of 
program  memory  are  needed  for  this  routine* 


o 


!' 


CCM STAN TS.  PAM M (/VO.  OF  LOCATIONS  //V  PAM);  A (TEST  WOP  OS)  t 
I MAX  (NO.  OF  TEST  WOPOS) 


rigure  89.  Comput  r Oata  Memory  Test  Module  ST-3, 


f ! ow  0 iagram 


QoaiaXiuoaiZIa£.ticai_£oilwaia-Ia3l3  - Tactical  software 
tests  complement  the  previous  test  In  that  Instructions  and 
memory  are  checked  simultaneously  us  I ng  actual  operating 
subroutines.  As  an  example  the  flow  diagram  for  module  ST-4  In 
Figure  90  defines  a set  of  Inputs  for  the  basic  track  and 
otao I I I za 1 1 on  program  module  SI  of  a Class  I missile  (see  Figure 
4.1.3*  page  4-12  of  the  Phase  I Final  Study  Report)  executing  the 
module  and  comparing  the  outputs  with  the  expected  values  which 
nave  been  precomputed  and  stored  In  program  memory*  Obviously* 
tnls  test  can  be  run  on  one  or  all  of  the  tactical  subroutines* 
but  if  all  of  the  previous  tests  have  been  successful  It  is  only 
necessary  to  execute  those  modules  which  make  use  of  a wide  range 
of  Instruction  words  and  use  widely  separated  memory  locations* 

K he  purposes  of  this  study*  it  is  assumed  that  two 
subroutines  are  called  for  Class  I missiles*  three  for  Class  11* 
and  four  for  Class  III.  Further*  on  average  of  6 set  Inputs  and 
^ expected  outputs  are  assumed  for  each  routine  tasted*  leading 
to  tne  requirements  listed  in  subsection  4*9*4  for  each  missile 
class* 
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CONSTANT » £V0,  £Vy  l£)LPU7£t>  VALUES  OF  OUTPUT*) 
I/*ir/AUZ£t  FLAQTi-O. 


fop.  this  ljlamplE' 

PM  = 28 
D/H  = J PAM 
O POM 


OUTPUT i FIACTV 


asm 


MO  GO 


Figure  90.  Computer  Ope  rat  I ona I /Tact l ca I Software  Test  Module 

ST-4f  F low  Olagras 

4.9.2  lasflniai.lDlai.liLa  ..lasts 

iia.loaliuflllAn-laala  - The  execution  of  coeputer 
input-output  Instructions  and  associated  data  transfers  over  the 
1/0  channels  are  checked  by  test  progran  Module  XT-1»  (Figure 
91 ) t using  either  an  external  addressable  suffer  or  spare  D-A  and 
A-D  channels  connected  back  to  back.  Special  bit  test  patterns 
are  output  as  data  words  to  the  designated  external  device 
(buffer  or  0-A  convertor)  and  transferred  back  froe  the  buffer  or 
via  the  A-0  convertor  for  verification  against  the  original  test 
word.  Assueln9  5 different  bit  patterns  are  sent  out  and 
compared*  eeeory  requl resents  for  the  routine  are  approxlsate I y 
20  for  progras  and  b for  data. 


CO*3TA#7*\  A (DATA  WOMDKi  I MAX  (AID.  Of  DATA  WOC&t) 
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OUTPUT i P LASTS 


Figure  91.  Cosputer  1/0  Instruction  Tsst  Hoduls  IT-r, 

Flow  Dlagran 


LM±Q*^u±XJ.u±*XMX-kz^L*nMMLXiU-l*it*  - This  tsst  is 
sisilar  to  the  1/0  instruction  teat,  except  that  its  purpose  Is 
to  checa-out  analog  aultlplexer  channels  and  associated  A-D 
convertor.  Module  lT-?t  Figure  9a  is  an  expansion  of  IT-l  with 
sore  extensive  bit  pattern  checks  to  ensure  subtle  failure  bodes 
are  not  present  in  the  Interface  hardware.  Single  or  sultSple 
bits  are  placed  In  the  test  words  A In  the  saoe  banner  as  Nodule 
ST-1.  Spare  channels  are  assuned  In  each  nulltplexer  together 
wltn  two  dedicated  D-A  convertors.  The  data  bebory  requlreaent 
Is  9 locations  I including  5 Initial  bit  patterns  of  A)f  while  the 
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Figure  9Z.  Analog  Mulltplexer  A-0  Convertor  Tost  Moduli 

IT-2t  F I on  Oligraa 


&Qaifia^ulliAiax*i-A±QZl}::l_£oDxaxloi-lftU>-laais  - An 
extension  of  the  1 T -2  Module  Is  required  to  verify  that  for  zero 
digital  coiaands  to  the  seeker  giabals  and  control  actuators  the 
putfora  and  fin  positions  are  cor respo ^.ding }y  at 
zer o/undef l acted*  Module  IT-3*  shown  In  Figure  93»  accoapllshes 
me  latter  task*  The  aaount  of  prograa  aeaory  needed  depends  on 
mssiie  clisb,  as  shown*  More  extensile  1/0  testing  of  this 
nature  can  be  accoapllsned  wltn  the  subsystem  tests  discussed  in 
subsection  t.e*3* 
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CONSTANTS*  N (NO.  Of  0 -*•>;  M (A-tnZ 
INITIALIZE  < FlAiTj- Q 


Figure  93*  Analog  Mulltplexor  A-D/D-A  Convortor  Zero  Toot 

Modulo  IT-3*  Flo*  Olagrao 

uabj.ii£ai_laal  - This  tost  toqulros  Interaction  ultn  tho 
aircraft  avionics  cooputor • Tho  nissllo  coooutor  sondo  spoclflc 
bit  pattorns  to  tno  avionics  computer  for  rotransoi ssion  back  to 
tho  aissllo  cooputor  for  vor I f lea tlon*  Modulo  IT-4  porforos  this 
?5t»  and  Is  idontical  to  IT-2*  Frograa  aoaory  roquirooonts 
total  2b  locations. 
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4 . 9 • 3 £**<  ,1*513 


These  tests  exercise  the  seeker  9iabals  control 
actuators,  inertial  sensors,  and  teleaetry  suosysteas,  and  also 
serve  as  an  additional  check  of  0-A  and  A-D  operation*  In 
tactical  situations  requiring  fast  reaction  tines,  the  seeker  and 
actjator  tests  Mould  not  be  practical  due  to  the  response  tine  of 
the  servos* 

la£g*l..SaaJia£-&labaJ~la3la  - Module  SU-i,  Figure  94, 
outputs  a step  coanano  sequence  to  each  of  the  seeder  ginbals  in 
urn.  A*  snown,  the  sequence,  in  degrees  of  9iabal  angle,  is  1, 
D,  -Z,  3,  4,  0,  -a,  0***etc*»  up  to  c aaxlauo  value  IHAX*  Note 
tnat  the  HE  AO  AIM  subroutine  (Module  S3,  Phase  I Final  Study 
Report)  is  needed  for  this  test  in  order  to  close  the  global 
servo  loops,  and  that  this  subroutine  oust  be  called  at  8-16  nsec 
intervals  as  deterained  by  the  real-tiae  clocft*  The  acceptance 
or  rejection  of  the  giaoal  response,  houever • is  not  aade  until  a 
pr e-deterained  tine  (DMHE)  after  the  step  coaaano  nas  been  sent 
out.  ini:,  delay  tlae  is  a (unction  of  the  stftp  size,  as 
indicated  In  the  algor itha,  and  allous  the  global  sufficient  tiae 
Vj  reacn  the  desired  angle* 

Prograa  aeaory  requi r eaems  total  40  locations  for  this 
nodule,  and  data  aeaory  requireaents  total  12. 
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Figure  9<»,  Target  Seeker  Gimbal  Test  Module  SU-1 » 

FI  ov«  0 iagram 


ttisa.Ll&_Eio_Ai:lijalAi-Iasla  - Control  actuator  tests  are 
not  practical  for  *i ng-mounted  missiles  due  to  the  resulting 
moments  applied  to  the  missile  and  pylon*  Class  III  missiles 
installed  In  a bomb  bay  could  be  sequenced  through  step  response 
tests  of  various  amplitudes  (positive  and  negative)  to  insure  all 
four  fin  actuators  Mere  functioning  properly*  Module  5U-2 
performs  this  testt  and  is  similar  to  SU-1#  except  that  four 
actuators  are  tested  instead  of  two  gimbals*  and  an  actuator 
position  loop  closure  routine  is  executed  at  a higher  rate 
instead  of  the  nead-aim  routine*  Memory  requirements  are 
unchanged  from  Module  SU-1 » since  the  routine  cycles  through  the 
same  locations  for  each  actuator  tested* 
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laaxiiaJ— -Sanaox-laala  - Inertial  sensor  tests  require 


interaction  between  Missile  and  launch  aircraft.  The  aircraft 
computer  is  required  to  transfer  via  the  umbilical  instantaneous 
values  of  aircraft  acceleration  and  rotation  rate.  The  Missile 
computer  program  (Module  5U-3,  Figure  95),  compares  these  with 
values  inpiiit  from  the  missile  instruments  using  predetermined 
error  margins. 

To  minimize  these  errors  the  time  interval  between 
aircraft  instrument  readings  and  missile  readings  should  be 
small.  It  is  assumed  that  any  orientation  difference  between  the 
aircraft  and  missile  inertial  systems  are  compensated  for  in  the 
values  transferred  from  the  aircraft. 


For  the  three  accelerometers  and  gyros  tested,  the 
program  memory  requirements  total  31  locations  for  Module  SU-3, 
and  data  storage  totals  5 locations. 
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Figure  95.  Inertial  Senior  Teat  Module  SU-3,  Flow  Diagram 
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I&iajamiLy-I&ais  - The  telemetry  function  is  checked  by 
outputting  a multi-word  test  message  for  verification  by  the 
aircraft  computer  and  ground  test  personnel  prior  to  missile 
launch*  The  telemetry  test  program  Module  SU-*t  is  shown  in 
Figure  96«  with  the  missile  computer  outputting  the  required  data 
in  the  first  part  of  the  routine*  The  computer  waits  for  an 
interrupt  from  the  aircraft  computer  which  confirms  an  error-free 
message  and  initiates  the  next  missile  mode*  If  a discrepancy  in 
the  received  data  is  detected  this  interrupt  would  not  be  given* 
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Figure  9b*  Telemetry  Test  Module  SU-q*  Flow  Diagram 
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Tactically*  the  telemetry  test  Mould  not  be  performed  in 
a Class  I or  II  missile.  In  a Class  111  missile*  where  a command 
link  exists  between  aircraft  and  missile*  tne  aircraft  would 
transmit  the  test  message  back  to  the  missile  for  verification 
dhd  tne  data  link  established.  This  is  shown  in  the  second  part 
of  Module  SU-4. 

Assuming  a 10  word  test  pattern*  memory  requirements  for 
the  first  part  of  Module  SU-4  are  7 locations  for  the  program  and 
12  for  data  with  the  complete  module  requiring  24  programs  and  22 
data  locations. 

^•9.4  Cas&iLLAL.&aaiiiLAiiaata.  lummaty 

A ..omplete  listing  with  summary  descriptions  of  the 
missile  test  modules  is  given  In  Table  39.  Memory  requirements 
for  the  test  algorithms  are  summarized  in  Tables  49*  4t*  and  42 
for  each  missile  class.  Total  memory  requirements  (programs  and 
oata)  for  test  purposes  range  from  360  to  696  locations. 
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MISSILE  TEST  PROGRAM  MODULE  LISTING 
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TOTALS  130 


TABLE  Au 

MISSILE 

TEST  COMPUTER  REQUIREMENTS 

CLASS 

1 MISSILE 

M30JLE 

PROGRAM  MEMORY 

DATA 

MEMO! 

EXECUTION  TIME 

( RUM) 

(ROM) 

(RAT 

( msec ) 

Totals: 


18.3 

(Plus  Giftbal 
excurs i on  time! 


♦ A- sumng  I >#S€?c  add  time 

10  yusec  input/output  time 

-■  advorai  seconos  netded  for  glmbal  travel 


TABU  41 


MISSILE  TEST  COMPUTER  REQUIREMENTS 
CLASS  II  MISSILE 


MODJLE  PROGRAM  MEMORY  DATA  MEMORY 
(RUM)  (ROM)  (RAM) 


EXECUTION  TIME 
( asec) 


ST-1 

100 

8 

8 

0.3 

ST-2 

26 

5 

5 

23.  r 

ST-i 

30 

9 

3 

21.9 

ST-4 

93 

0 

1 

1.5 

IT-1 

20 

6 

2 

0.2 

IT-2 

30 

7 

2 

1.9 

IT-3 

lb 

1 

2 

0.2 

SJ-1 

40 

7 

5 

* 

SU-4 

7 

lit 

1 

0.2 

totals: 

364 

64 

29 

49.3 

(plus  giabal 
•xcurslon  tlie) 
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TABLE  42 


MISSILE  TEST  COMPUTER  REQUIREMENTS 

class  in  missile 


MuOJLE 

PROGRAM  MEMORY 

DATA 

HEMORY 

(ROM ) 

(ROM) 

(RAM) 

EXECUTION  TIME 
( msec ) 


ST-1 

150 

18 

14 

0.4 

ST-2 

26 

5 

5 

51.2 

ST-3 

33 

n 

3 

36.5 

ST-4 

124 

0 

1 

. 

o 

IT-1 

20 

6 

2 

0.2 

IT-2 

30 

7 

2 

1.9 

IT-3 

21 

1 

2 

0.2 

IT-4 

25 

7 

2 

1.2 

SU-A 

4U 

7 

5 

» 

So-2 

43 

7 

5 

» 

S J-3 

31 

0 

5 

0.2 

Su-4 

24 

11 

11 

0.4 

TjTAlSS 

561 

80 

57 

94.? 

(Pius  global  and 
Mil  excursion 


time) 


} 


J 


! 


Also  shown  in  the  tables  is  an  estimated  execution  tine 
for  each  of  me  modules*  assuming  1 sec  add*  8 sec  multiply  and 
oata  input  or  output  10  sec*  and  A-D  conversion  time  10  sec. 
with  these  nominal  values*  the  total  time  needed  to  run  through 
the  complete  test  routine  varies  between  18  and  95  msec* 
depending  on  missile  class.  As  mentioned  previously*  throughput 
is  not  important  since  tests  are  executed  before  launen 
i.e.  off-line.  In  a tactical  situation  a launch  delay  of  less 
than  100  msec  is  assumed  to  be  acceptable. 

Execution  times  for  the  control  subsystem  test  modules 
Su-1  and  SJ-2  are  not  given  in  the  figures*  since  the  time  needed 
for  gimbals  and/or  tail  surfaces  to  move  through  about  100 
degrees  of  travel  each  would  be  measured  in  seconds  instead  of 
milliseconds  ana  would  render  the  other  module  execution  times 
insignificant.  The  number  and  the  size  of  the  steps  could  be 
reduced*  of  course*  but  t:<e  total  test  time  would  still  be 
dominated  by  these  servo  control  checks. 

Apart  from  the  foregoing  servo  tests*  memory  checks 
require  tne  most  time  to  execute*  since  every  word  in  ROM  memory 
is  readout  and  added  and  data  is  written  into  every  RAH  location* 
readout*  and  compared  to  the  reference  word.  The  number  of 
' aory  locations  used  in  the  sizing  was  determined  from  tne 
maximum  values  listed  in  the  Phase  1 Final  Stjdy  Report*  Plus  tne 
numoer  of  locations  needed  for  test*  telemetry*  and  mode  control. 

When  computing  execution  time  for  Module  ST-4,  an  average 
of  500  equivalent  adds  was  assumed  for  each  subroutine  tested. 
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5 


DIGITAL  MISSILE  PERFORMANCE 


Simulations  and  analysts  wort  performed  for  ttia  functions 
of  estimation,  guidance  autopl lot/control  and  signal  processing 
to  conflrn  the  algorithm  formulations,  digital  Implementation 
requirements  and  to  develop  function  performance  versus  algorithm 
complexity  data. 

The  performance  of  the  systems  under  consideration  ean  be 
expected  to  vary  as  the  operational  algorithms  change  In 
complexity  and  In  their  update  rate. 

A program  module  uhlch  uses  several  Input  parameters  and 
processes  these  data  using  sophisticated  mathematical  techniques 
should  provide  Improved  performance,  but  at  the  expense  of  a 
greater  number  of  memory  locations,  both  for  the  Initial  data  and 
the  storage  of  partial  results.  The  data  sampling  rate  and  hence 
the  algorithm  execution  rate,  required  to  achieve  superior 
performance  similarly  drives  the  computer  throughput  and  hence 
the  machines'  architecture,  circuit  technology  and  packing 
dens  I ty/degree  of  large-scale*! ntegrat I on. 

Consequently  as  each  function  Is  evaluated,  Its  performance 
ulll  b*  compared  with  the  complexity  of  the  algorithm  used  In 
generating  the  function.  For  example,  the  miss  distance  achieved 
with  the  four-state  guidance  !aw  should  be  less  than  that  with  a 
proportional  navigation  law,  but  the  throughput  and  memory 
requirements  of  the  four  stats  law  will  be  considerably  higher. 
Riots  of  miss  distance  for  the  various  laws  versus  their  memory 


and  throughput  roqulreaents  show  tho  cost  increaent  for 
corresponding  Incresents  in  achieved  performance. 

Perforoance  of  a digital  autopilot  Is  bast  evaluated  In 
taras  of  Its  response  to  a stop  g-coaaand.  Any  analog  autopilot* 
proparly  daslgnad»  will  have  stability  aarglns  and  bandwldths 
suitable  for  the  Intended  alsslon*  and  the  design  aay  range  Iron 
a staple  fixed  gain  systoa  to  one  Involving  soae  fora  of 
roal-tlao  adaptivity,  in  a digital  alsslloi  the  adaptive 
capability  can  be  extended  to  ever  Increasing  levels  of 
j sophistication*  as  described  In  tho  Phase  I Final  Study  Report* 
with  the  result  that  bandwidth  and  stability  aarglns  can  be 
aaintalned  nearly  constant  over  a wide  range  of  operating 
conditions*  loading  to  laproved  intercept  parforaanca. 

Regardless  of  how  bandwidth  and  stability  are  obtained 
1 1 .s«t  how  the  autopilot  gains  are  chosen)*  the  effects  of 
digitisation  will  be  essentially  the  sane*  that  Is*  for  a 
particular  sat  of  flight  conditions  It  can  bo  assuaed  that  tho 
autopilot  gains  ware  optlaally  chosen*  and  the  iaportant  digital 
paraaeters  Idata  rata*  quantization*  and  coaputatlon  tine)  can  be 
Investigated  to  deteralno  their  effects  on  autopilot  parforaanca* 
The  prlaary  effects  of  coarse  digitization  are!  a decrease  In 
gain  and  Phase  aarglns  which  evidences  Itself  la  a growing 
tendency  for  the  autopilot  to  Halt  cyele.  This  tendency  can  be 
readily  saen  In  a forward  tlas  step  response  slaulatlon  and  can 
be  quantitatively  aeasured  by  observing  the  fin  Itall*  wing)  duty 
cycle  that  results  froa  the  autopilot  coaaand. 
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Duty  cycle  Is  defined  as  the  total  fin  travel*  In  degrees* 
over  a specified  length  of  time: 

Duty  Cycle  4 

14-fln)  i«l 

• 

where  5 is  fin  rate.  If  the  missile  limit  cycles  In  lateral 
accelerations*  the  fins  Bust  oscillate  to  support  It*  and  the 
duty  cycle  will  continually  increase*  The  eagnitude  of  the  duty 
cycle  bears  directly  on  the  amount  of  oil  that  oust  be  carried  In 
a hydraulic  blowdown  actuator  system*  and  on  the  battery  size 
and  capacity  needed  by  an  electric  systea*  hence  duty  cycle  Is  an 
iaportant  consideration  In  aissile  design*  and*  together  with  the 
pealcto-peek  aaplitude  of  Halt  cycle  oscillations*  beooaes  an 
Iaportant  aeasure  of  autopilot  performance. 

In  a siallar  Banner*  the  effectiveness  of  a given  sensor 
signal  processor  can  be  deteralned  by  the  effective  lasroveaent 
in  signal-to-noise  ratio  coapared  to  stapler  configurations 
demanding  less  throughput  and  aeaory* 

The  results  of  the  above  performance  vs  computer 
characteristics  analyses  are  reported  in  the  following 
subsections. 


/ 


(T)  |dT 
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5.J 


EalimaJUa0^ad-&uidaa£a..£mxiotmaa£e 


Estimation  and  guidance  performance  mere  investigated  by 
simulation  of  a single  missile  I representative  of  Class  II) 
utilizing,  in  turn,  each  of  the  guidance-estimation  combinations 
to  be  tested*  A common  Intercept  scenario  was  used  for  all 
cases,  and  two  types  of  performance  data  ware  generated: 

(1)  Performance  in  the  presence  of  target  maneuvers 
Initiated  at  various  times,  but  without  heading 
error  and  measurement  noise* 

(2)  Performance  in  the  presence  of  heading  error  and 
measurement  noise,  with  and  without  target  maneuver 
(presented  In  the  form  of  rms  miss  for  10-f light 
Monte  Carlo  runs) • 

Although  the  extent  of  these  tests  was  necessarily 
limited,  the  results  allow  an  approximate  evaluation  of 
performance  in  comparison  with  computational  cost,  Including  the 
effects  of  data  rate  and  computational  time  delay. 

Complete  descriptions  of  the  tested  algorithms  are 
presented  in  Reference  R.l,  but  a brief  summary  will  be  given 
here*  Guidance  laws  investigated  were,  for  the  most  part, 
restricted  to  proportional  navigation  (PN,  algorithm  G-l)  and  the 
four-state  law  ItSl,  algorithm  G-2) • Estimation  algorithms 
Included: 

E2.  Swltched-gain  filter*  CThls  was  simulated  by 
determining  approximate-optimum  steady-state  GH 


fitter  gains  versus  range  for  the  radar  and  target 
models  assumed*  and  tabulating  these  as  functions 
of  range  in  the  on-board  computer). 

E3rA  • (A  variant  of  the  decoupled  estimator*  E3»  in  which 
tne  coupled  nonlinear  prediction  equations  are 
replaced  by  simple  uncoupled  predictors  by  removing 
Coriolis  and  centrifugal  terms! • 

E3.  Oecoupled  Kalman  filter.  Determines  gains  by 
propogating  three  3x3  covariance  matrices*  but 
utilizes  coupled  nonlinear  differential  equations 
for  state  prediction) • 

EA.  Coupled  Kalman  filter.  (Propagates  a coupled  9x9 
covariance  matrix  for  gain  determination)*. 

5.1*1  Lmsl-££mo*£ie 

The  test  scenario  utillzied  is  a rather  severe  one 
designed  to  accentuate  performance  differences  of  the  various 
algorithms.  It  is  a "tall  chase"  engagement  involving  large 
target  accelerations  and  a low  average  closing  velocity.  Thn 
target  achieves  Its  maximum  acceleration  of  6.5  g via  a 2-second 
ramp  Initiated  at  a variable  time*  and  the  maximum  Is  then 
maintained  until  intercept.  The  initial  conditions  are  depicted 
in  Figure  97  and  additional  parameters  are  given  In  Table  43. 

Vr 


Figure  97  Test  Scenario-Initial  Conditions 
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The  initial  heading  error  of  the  Missile  is  approxiiatel y ?6°  9 
and  its  thrust  history  is  such  that  it  attains  a naxlnun  velocity 
of  about  2400  f ps/731  mps  about  5 seconds  after  launch. 

The  seeker  is  assuned  to  bo  a radar  with  a reference 

range  (unity  SNR)  R of  51.6  kft/IS.7  Km.  It  Measures  range  and 

o 

angle  at  a data  rate  of  10  times  per  second9  and  the  associated 
error  parameters  are  displayed  in  Table  44. 

TABLE  43  TEST  SCENARIO  INTERCEPT  PARAMETERS 


Altitude  (ft/n) 

5,000/1524 

Initial  Range  (ft/nl 

6 9 000 /'1 829 

Initial  Missile  velocity 

(tpa/.pa) 

1,000/305 

Target  velocity  (f ps/nps) 

950/290 

Max.  target  acceleration 

(9) 

6.5 

Time  of  f 1 ight  (seel 

6 approx. 

TABLE  44  TEST  SCENARIO  RADAR  MEASUREMENT  ERRORS  I RM5I 

ANCLE  ERROR  RANGE  ERROR 


Range- independent  0*6  Mr 
Ran9t-4ap.ntf.nt  9.0  mr 

Clint  llt/a)  13/9 

13  Hz  band. 14th) 


0 

"•*  (H  •• 

S/US 

(3  Hz  bandwidth) 
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The  missile  and  target  dynamics  were  simulated  in  planar 
(three  degree  of  freedom)  fashion  on  a COC  6730  computer • A 
block  diagram  of  the  guidance  and  estimation  models  Is  presented 
in  figure  98.  The  complete  estimation  and  guidance  algorithms 
were  programmed  as  described  In  Reference  R.l*  while  the 
autopilot  dynamics  were  represented  by  a cubic  transfer  function 
from  commanded  acceleration  to  achieved  lift: 


In  general  the  radome  characteristics  and  antenna 
stabilization  were  assumed  to  be  perfect«  so  that  the  seeker 
measurement  errors  arose  solely  from  the  sources  described  above* 
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5.1.2  EailAAlai-EtrlfiiuDfiA 


In  general*  performance  data  was  generated  for  particular 
combinations  of  estimation  and  guidanca  algorithms.  However, 
certain  observations  nay  be  Made  about  the  perforaanca  of  the 
estimators  themselves: 

Although  the  Kalman  filters  (E3  and  E4)  provide 
consideraoly  batter  estimation  performance  then  the  sw i tched-ga i n 
E2  algorithm,  these  investigations  have  thus  far  reveaied  no 
appreciable  advantage  of  the  E4  algorithm  over  the  E3,  as  far  as 
performance  is  concerned.  Thus  the  E4  filter*  with  Its  far 
greater  computation  cost*  does  not  appear  to  be  cost-ef f act i ve  In 
the  cases  considered.  (This  conclusion  could  be  modified, 
however,  upon  more  complete  Investigation  of  cases  where  range 
Information  is  severely  degraded). 

The  E3A  algorithm  is  not  cost  effective,  because  it  saves 
very  little  In  computation  and  noticeably  degrades  the  state 
sstimatta,  In  compar Ison  w I th  the  E3  algorithm,  in  particular, 
transients  in  target  acceleration  are  responded  to  more  slowly 
and  tracked  less  accurately. 

Since  these  filters  operate  In  range  and  angle 
coordinates,  the  states  experience  severe  transients  just  before 
intercept,  which  are  not  well  tracked,  in  general,  by  the  filter 
estimates.  Tnis  has  little  impact  on  miss  distance,  but  if  the 
estimator  outputs  are  to  be  used  for  fuzing  purposes  these  final 
estimates  aay  be  important,  if  the  filter  is  to  be  modified  to 
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improve  tnese  final  estimates*  it  is  probable  that  the  state  and 

covariance  prediction  equations  Mould  have  to  be  solved  at  very 

high  Integration  rates  near  intercept*  which  is  clearly  an 

undesirable  solution.  Probably  a preferable  alternative  is  to 

replace  the  state  prediction  equations  by  relations  based  on 

solution  of  the  Intercept  triangle*  as  follows.  Given  estimates 

of  range  r*  range  rate  r and  LUS  rate  X/  (the  resultant  of  the 

• • 

pitch  and  yaw  values  Ai  and  X2  )•  we  may  compute  (see  Figure  991. 

\ /•*  2 • 2 

V * relative  velocity  * V r ♦ r X 

x « distance  to  intercept  point  * -rr/V 

t « time  to  go  to  intercept  * x/V 

go 

2 • 

m « miss  distance  * r x /V 

These  transformations  having  been  performed*  we  «ay  now 
predict  the  values  of  the  states  at  any  future  time  t (assuming 
constant  as  follows: 

X ( t ) * x-vt 

rltl  « V?  ♦ x2  (t> 

Vft)  « -Vx( tt/rttl 

• i 

x (tl  « Vm/r  (t) 
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Figure  99  Estimation  Performance  Evaluation  - 
Intorcapt  Cooaotry 


Mltn  tnese  oodlf Icatlons  In  the  atata  prediction 
operation,  Improved  oatloatlon  can  bo  achlavod  naar  Intorcapt. 
Tho  computation  of  tho  llltor  gains  Is  loss  critical,  and  can  bo 
accomplished  In  an  approximate  manner. 

5.1.3  Cflibia«d-Fatlmatimn-g  GuJLdiftca.gat  tmmanca 


The  algorithms  chosen  as  typical  of  the  various  missile 
classes,  for  purposes  of  performance  comparisons,  aret 

1 ! 

i * 

l » 

; i; 

• ,i 

i 


291 


Class  I:  Estimator  E2  (switched  gains) 

Guidance  law  01  (proportional  navigation) 

Classes  IlLIIi:  Estimator  E3  (decoupled  Kalman) 

Guidance  Law  G 2 (four-state  law) 
(performance  unchanged  with  coupled 
estimator  EG) • 

In  Figure  100  these  combinations  are  compared  In  the 
chosen  intercept  scenario  and  at  various  data  rates*  on  the  basis 
of  the  miss  distance  they  produce  due  to  target  maneuver  alone* 
versus  time  of  Initiation  of  the  target  maneuver*  This  data  was 
generated  by  removing  all  measurement  noises*  but  leaving  the 
estimator  In  the  system  In  order  to  properly  Include  its  dynamic 
response*  (For  tests  of  this  type*  target  acceleration  was  a 
step  rather  than  a ramp.)  The  miss  values  are  ascribed  a sign 
(direction)  as  well  as  a magnitude*  because  a planar  simulation 
was  useo  to  generate  them.  Also  Included  Is  a single  curve 
exemplifying  the  performance  of  the  modified  E3  (E3A)  filter* 
Several  observations  are  readily  apparent  from  the  figures 

(l)  The  obvious  superiority  of  the  (E3*  G?)  combination 
over  the  (E2*  Gl)  combination  (principally  In  the 
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(2) 


The  considerable  degradation  In  per foreanco  whan  tha 
E 3 estiaator  Is  siapllflad  to  tna  E3 A variant.  Tha 
diffaranca  is  aost  pronounced  for  lata  aaneuvers» 
because  It  Is  aostly  lata  In  tna  f light  that  It 
becoaes  Important  to  properly  aodal  tha  dynaalca 
(•specially  tha  Coriolis  aecalarat ionsl  in  tha 
prediction  aquations. 

(31  Tha  degradation  which  aay  be  experienced  whan  tha 
data  rata  Is  allowed  to  bocoae  too  slow. 

A aora  coapleto  parforaanca  cooper  Ison  Is  presented  In 
Figure  10k*  In  tna  fora  of  ras  alas  troa  Monte  Carlo  alaulatlons 
with  all  aaasureaent  noises  Included*  and  with  the  aanauvar 
initiation  t laa  unlforaly  distributed  over  the  duration  of  tha 
flight.  Three  eat  last  I on-gui dance  coablnatlons  are  coopered 
(including  tha  fully  coupled  E4  astlaator » whose  parforaanca  Is 
substantially  tha  saaa  as  tha  E3),  at  three  different  data  ratoa 
for  each.  Also  included  era  cooper  I sons  against  a 
non-aaneuver tng  target*  In  which  case  tha  alee  Is  due  solely  to 
aeasuraaant  noise  and  Initial  heading  error. 

The  ras  aiss  is  plotted  against  coaputatlonal  cost  to 
facilitate  cost-of fectl veness  trade-offs.  Although  the  data  Is 
of  Halted  accuracy  (due  to  the  necessarily  saall  nuaber  of  Manta 
Carlo  runs  used*  naaely  tenl*  the  principal  trends  are  readily 
apparent,  without  target  aanauvar  the  parforaanca  differences 
are  not  great*  but  with  target  aanauvar  considerable  lapreveaente 
in  alss  can  be  realized  (at  the  expense  of  additional 
coaputationi  by  Increased  data  rates  er  by  the  use  of  aere 
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1 10  100 
COMFUTA  TIOffAL  COST  MOPS) 

Maura  101  Cantlnad  Eatlnatlan  and  Culdanca  Partarnanca- 
any  Maa  Clatanca  Varaua  Caaautatlana  I Bur  dan 

Tha  aanarai ly  hl«h  lay* I af  tna  alaaaa  la  laraaly 
attr ibwiabla  ta  tn«  aavarity  at  tha  Intarcaat  acanarla  utllnad 
far  tha  aiaulatlona. 

5.1  .<•  Lllafcla-al-llaa.Oalay 

t aa jot  factor  layactlna  tha  raaulraaanta  tar  caaywtar 
t«ntc I ty t aapaci.i.,  whan  alanal  yracaaalna  la  antlraly  dl«ltai. 

■ a tna  allawaala  .awautatlanai  tlna  da  lay  aatwaan  tha  racaatlan 
ai  a radar  raturn  tar  athar  aaaauraaantl  and  tha  aanaratlan  at 
awidanca  cannanda.  Accordingly!  Mtvitt  102  and  103  ahaw  haw 
tma  naranatar  attacta  tna  partarsanca  data  yravlaualy  araaantad. 
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The  delay  say  vary  froa  a minimum  near  ztro  (as  was  assuaad  in 
the  prtvlous  data)  to  a naxlnun  aqua  I to  tho  data  sanpling 
interval • 

In  sany  cases  It  »ay  bo  advantageous  to  partially 
conpensate  for  tho  effects  of  tine  delay  by  the  use  of  an 
additional  pass  through  the  filter’s  prediction  equations  (or 
pernaps  a s tap  I if  led  version  of  then)*  to  bring  the  state 
estiaates  and  guidance  connands  up  to  date  at  the  tine  when  they 
finally  becoae  available*  The  cost  of  these  extra  operations  Is 
relatively  nlnori  however*  such  a compensation  operation  was  not 
eeployed  in  these  slsulatlons*  so  that  the  degradations  shown 
here  are  probably  soeewhat  pessinlstlc* 

In  general*  it  can  be  seen  that  an  increase  In 
conputat Iona  I tine  delay  degrades  both  the  aiss  due  to  target 
naneuver  (Figure  1021*  and  the  ms  olsses  with  and  without 
•ana over  (Flgue  103)  • A delay  of  20  nsec  appears  to  be  of 
little  consequent*  In  the  cases  studied*  but  delays  approaching 

the  sasple  tine  T can  causa  Important  Increases  In  nlss 

s 

distance*  especial ty  In  the  presence  of  target  saneuvers* 

An  apparent  discrepancy  appears  In  Figure  *03(0)*  where 
the  ms  nlss  without  target  naneuver  appears  to  becose  worse  whe 
the  data  rate  is  increased*  There  are  two  possible  explanations 
for  this: 
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S/6AT0  MISS  (F££n  SlGMED  MISS  (F££J) 


(A)  Clast  I Missile 


M hNl'JVt*  INMAVON  T/Ml  i<XO 

<B)  Class  II 


and  III  Miss! las 


Flgurs  102  Miss  Olstancs  Versus  Computational  Tims  Delay  - 

Maneuvering  Target 


297 


3H5 


SAMPLE 
TIME  (SEC) 


£ 


^ 60  H 

'O 

c n 

co 

(f)30  - 

§ 


0 -J 


(A)  Class  I Mlssila 


I B I Class  1 and  II  Nlssllas 


Flsura  103  RMS  Miss  Olstanca  varsus  Coaputat lonal  T 1st  Oalay 


tilt  The  ms  values  are  only  approximate f because  only 
ten  Honte  Carlo  runs  Mere  processed. 

(2)  The  filter  assumes  that  the  measurement  errors  are 
uncorrelated*  whereas  the  ilint  errors  (Mhich  are 
the  dominant  errors  In  this  scenario)  have  a finite 
banduldth  of  3 Hz.  The  degradation  due  to  the 
Mhite-noise  assumption  can  be  expected  to  become 
more  severe  as  the  data  rate  increases  and 
successive  measurements  become  more  highly 


correlated 


5.1.5 


£11ac1s_ 


One  of  the  critical  decisions  to  be  made  in  tne  digital 
Implementation  of  missile  guidance  and  control  functions  Is  the 
degree  of  computing  precision  required.  In  this  study*  the 
effects  of  limited  precision  were  investigated  in  two  separate 
ways: 

(1)  Since  the  most  sensitive  portion  of  the  guidance 
and  estimation  algorithms  was  expected  to  be  the 
propagation  of  the  covariance  matrix  In  the  Kalman 
filters*  a simplified  (non-Monte  Carlo)  covariance 
propagation  program  was  used  to  investigate 
precision  effects  on  the  calculated  covariance 
values  and  on  the  resulting  filter  performance. 

(2)  In  the  primary  simulation  program*  variable 
computing  precision  was  simulated  by  truncation  of 
all  simulated  filter  computation  results  at  a 
specified  number  of  bits*  and  the  effects  were 
investigated  In  Monte  Carlo  fashion. 

Cajaxiaace^xAftSMilAa-^ludim*  - Utilizing  techniques 
which  are  well  Known  in  the  field  of  estimation  theory  (see*  for 
example*  Reference  R.2)*  a covariance  propagation  program  was 
developed*  which  utilizes  the  equations  of  the  estimation 
algorithms  to  simultaneously  propagate  three  separate  covariance 
matrices; 


300 


Ill  The  "optimum"  covariance  matrix*  which  would  be 
generated  by  a filter  using  very  high  precision 
and  which  wouldi  under  proper  conditions*  closely 
approximate  the  true  performance  achieved  by  that 
filter. 

(?)  The  "calculated"  covariance  matrix*  which  Is 

generated  by  the  I Iml ted-prec Isl on  computer*  and 
which  results  In  erroneous  filter  gains  and 
degraded  estimation  performance. 

(3)  The  "true"  covariance  matrix*  which  indicates  the 
performance  actually  realized  by  the  degraded 
filter. 
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Hgur.  104.  Covarlaoc.-H.tr lx  Propagation  Equations 
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The  covariance  simulation  represents  a six-state 
(Planar)  system*  and  assumes  floating-point  capability  using  a 
mantissa  whose  length  can  be  varied  by  program  input.  The 
equations  used*  as  presented  in  Figure  104  are  appropriate  to  the 
case  where  the  limited  mantissa  length  affects  only  the 
covariance  matrix  and  gain  ca I culatl ons » but  not  the  accuracy  of 
propagation  of  the  state  estimates.  This  Implies  that  state 
propagation  is  done  In  double  precision*  because  such  an  approach 
significantly  Increases  estimator  performance  while  adding  little 
to  the  computational  cost  (since  state  prediction  represents  a 
small  fraction  of  the  cost  of  a Kalman  fitter).  In  these 
simulations*  "double  precision"  was  simulated  by  using  the  full 
40-bit  mantissa  of  the  COC  6700  computer. 

One  of  the  places  where  truncation  error  Is  liable  to 

* 

be  serious  is  In  the  computation  of  the  matrix  (I  - Rh)  utilized 
in  Figure  104.  When  a measurement  of  the  first  state  Is  made* 
for  example*  the  IT*))  element  of  U-KH)  Is  (l-kt)»  where  kx  Is 

A 

the  first  element  of  the  gain  vector  K and  Is  given  by 
k « Ull 

i 


where  M Is  the  (r»l)  element  of  the  predicted  covariance  matrix 

H and  a2  Is  the  measurement -er r or  variance.  When  a*  Is  much 
m M 

smaller  than  M.  • which  Is  often  the  case  (especially  at  the 

beginning  of  the  filter  operation)*  k,  will  be  near  unity  and 

mantissa  truncation  can  cause  serious  errors  In  the  difference 

fl-k^  )•  This  dtfflcutly  can  be  avoided  by  the  simple  artifice 
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of  colculitlng  tht  dlffortnco  dlrtctly*  os 

2 

II  -KHI^  » 1 1-1^  I « °M 


This  Modification  was  eaployod  In  both  tho  co variants 
progran  and  tho  Wonts  Carlo  slnulatlon.  and  was  saan  to  ylald 
sons  laprowenent  at  shorts r nantlssa  I angths . 

Sons  typical  results  ara  shown  In  Figure  105.  In  the 
fora  of  tine  histories  of  tho  rns  radial  acceleration  errors  as 
Indicated  by  the  three  covariance  Matrices,  for  Mantissas  of  b 
and  S bits  I Including  sign)'.  The  scenario  described  previously 
was  used  to  generate  appropriate  tine  histories  of  the  state 
variables  for  doteralnlng  the  eieaents  of  the  state  transition 
Matrix  and  the  aeasurenent-error  cov>ar lance  Matrix  R.  it  nay 
be  seen  fron  the  results  that,  as  has  often  boon  observed,  the 
actual  perfornance  of  the  filter  las  Indicated  by  the  true 
covariance  Matrix)  la  generally  degraded  less  than  the  elenents 
of  the  calculated  covariance  Matrix.  For  a 6-blt  nantlssa. 
perfornance  degradation  Is  nulte  noticeable  but  night  still  be 
acceptable  tor  sene  applications,  especially  since  It  Is  very 
near  the  eptlnun  towards  the  end  of  the  flight. 
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ftantA-Xaiio . Studies  - For  these  Inwestlgat  lonsf  the 
complete  (planar)  system  simulation,  modified  for  limited  filter 
preclsion»  was  rerun  usln9  the  standard  engagement  scenario. 
Statistics  were  gathered  from  sets  of  ten  Honte  Carlo  runs  with 
all  standard  noise  sources  presentr  except  that  the  target 
maneuver  initiation  time  was  Kept  fixed  at  three  seconds. 

The  ultimate  performance  criterion  can  be  considered  to 
be  rms  miss*  but  it  Is  Instructive  also  to  examine  estimation 
performance.  For  selected  mantissa  lengths*  Figure  106  shows 
averages  (over  the  ten  Honte  Carlo  runs)  of  the  true  and 
estimated  target  accelerations  normal  to  the  line  of  sight*  with 
state  prediction  performed  in  double  and  single  precision.  It  Is 
evident  that  the  shorter  mantissa  lengths  tend  to  cause 
oscillatory  behavior*  slow  recovery  from  Initial  transients* 
and/or  sluggishness  in  responding  to  target  maneuvers.  Also 
evident  Is  the  fact  that  considerable  Improvement  Is  realized  In 
the  estimator  and  tho  mantissa  length  requirements  relaxed*  when 
state  propagation  Is  performed  In  double  precision.  (In  all 
cases*  guldance-la*  computations  were  performed  with 
double-prec Ision.) 

In  terms  of  rms  error  In  estimation  of  range  rate*  a 
similar  comparison  Is  made  In  Figure  107.  Finally*  Figure  108 
snows  how  precision  affects  the  rms  miss  distance. 
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Fr on  this  point  of  viow9  It  would  appear  that  significant  miss 
degradation  does  not  sat  in  (assuming  double-precision  state 
propagation)  until  the  mantissa  length  is  reduced  to  5 bits* 
However * it  is  dangerous  to  choose  the  mantissa  length  based  on 
this  criterion  alone*  as  can  be  seen  by  the  degradation  of 
estimation  performance  at  short  word  lengths*  which  probably 
indicates  the  possibility  of  numerical  difficulties  for  other 
values  of  the  system  parameters.  Some  indication  of  Incipient 
danger  can  be  seen  In  the  fact  that*  early  in  the  flight*  the 
covariance  matrix  of  the  6-blt  filter  loses  positive  definiteness 
for  a time  although  It  later  recovers  from  this  condition.  The 
same  problem  was  observed*  although  to  a lesser  degree*  at  7 
bits.  In  Table  45*  Is  presented  a comparison  of  the  range 
position  gain  (the  filter  gain  by  which  the  range  estimate  Is 
adjusted  due  to  a range  measurement)  during  the  first  second  of 
flight*  for  various  mantissa  lengths.  Although  th's  gain  should 
never  exceed  unity*  signs  of  Inaccuracy  are  already  apparent  at  * 
bits*  and  the  gains  are  considerably  in  error  at  6 bits. 
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IX 


TABLE  AS 

COMPARISON  OF  FILTER  RANGE  GAINS  DURING  FIRST  1-SECOND  INTERVAL 

OF  FLIGHT 


hant;ssa  length 
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Froa  tha  Invaatigationa  raportad  on  hare*  it  ia 


reasonable  to  concluda  that 


111  Double  precision  ahould  gonarally  ba  uaad  for 
atata  propagation*  bocauaa  It  raaulta  in 
perforaanee  laproveaent*  which  ara  vary  groat  in 
coaparlaon  with  tha  aaall  addad  coat* 


12)  Covar lanca  propagation  aay  bo  porforaad  with  a 
ainlaua  of  aight  bkta  (Including  aign)  for  tha 
aantlaaa* 


5.1.S 


UlALt  a.i 


Tna  ranga  data  available  to  tha  tracking  flltar  aay 
bacoaa  dagradad  or  aay  ba  eoaplataly  dariad*  Aaong  tha  poaaibla 
causaa  of  thla  aras 


(1)  ten  action  by  tha  targat* 

(2)  kanga  daalgnation  accuracy  Inaufflclant  to  raaolva 
ranga  »ablgultles  (raaulta  In  a ranga  blaal* 

dhan  auch  a condition  arises*  It  nay  bacoaa  advlaabla 
to  codify  tha  guldanca  and  aatiaatlon  algorlthaa  to  alnlalia  tha 
inevitable  ?erforaance  dagradation*  Such  situation*  aaka 
perforaanee  pradlction  out  to  difficult  bocauaa  tha  raaulta  aay 
otPand  vary  atrongly  on  auch  thlnga  aat 


(1)  how  tha  algorlthaa  (aapeclally  ranga  prediction  or 


12)  The  quality  of  the  information  available  before 
range  data  is  denied* 

(3)  The  engagement  geometry*  and 

(4)  The  target  behavior  subsequent  to  commencement  of 
ECH. 

It  is  thus  quite  difficult  to  conduct  tests  from  which 
useful  conclusions  can  be  drawn.  Nevertheless*  a limited  number 
of  lonte  Carlo  runs  were  conducted  in  the  standard  scenario*  with 
range  measurements  denied  and  with  particular  magnitudes  of  error 
in  the  initial  estimate  of  the  radial  component  of  target 
velocity.  The  results  are  depicted  In  Figure  r09. 

Although  performance  degrades  as  expected  for  positive 
errors*  negative  errors  appear  to  decrease  the  miss  in  the 
(E2*G1 ) case*  a result  which  can  probably  be  ascribed  to  the 
particular  scenario  used.  In  any  case*  the  (E3*G2)  combination 
maintains  Its  superiority  over  the  IE2*G1)  system  even  in 
degraded  cases,  which  should  be  expected  since  It  Is  always 
possible  to  modify  such  a system  so  that  it  degrades  to  the 
(E2*Gl)  system  In  the  degraded-range  case. 
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INITIAL  ERROR.  IN  TARGET  RADIAL  VELOCITY 


Figure  109.  Performance  In  Range-Denied  Environment 


f 

i 


5.1.7  £0Q&lii£ifii)S 


From  the  performance  studies  described  here*  several 
conclusions  can  be  drawn  regarding  the  guidance  and  estimation 
algorithms  and  the  preferred  design  features  of  the  missile 
computer : 

(1)  At  least  for  the  scenarios  studied  here*  there 
appears  to  be  no  advantage  In  performance  which 
would  justify  the  much  greater  computational  cost  of 
a fully  coupled  Kalman  filter  for  estimation. 

(2)  When  a decoupled  Kalman  filter  is  utilized*  the 
complete  nonlinear,  coupled  differential  equations 
should  be  used  for  state  prediction. 

(3)  To  a certain  extent*  cost-effectiveness  (In  terms  of 
miss  versus  computation  time)  improves  as  data  rate 
is  increased.  The  optimum  data  rate  will  depend  on 
seeker  characteristics  and  on  the  other  loads  on  the 
computer • 

(<»)  Moderate  computational  time  delays  (on  the  order  of 
20  msec)  cause  little  performance  degradation*  but 
delays  approaching  the  sample  time  in  duration  can 
have  serious  consequences*  especially  at  the  lower 
data  rates. 

(5)  In  short  word-length  computers*  accuracy  of  Kalman 
filter  state  propagation  should  be  preserved  by  the 


rntoa 
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use  of  doubt e/tr i pi e * precision  for  the  state 
computations.  In  general,  an  equivalent  mantissa 
length  of  12  to  16  bits  appears  adequate  for  this 
purpose. 

(6)  An  eight-bit  mantissa  (including  sign!  appears 
adequate,  in  most  cases,  for  Kalman  filter 
covar iance-matii x propagation. 


5 • 2 Lulno±±£l-L&alL&± 

This  subsection  describes  the  tests  and  results  obtained 
through  the  digital  simulation  of  a three-degree  of  freedom 
( 30GF ) autopilot*  The  simulation  model  is  first  outlined  with 
the  response  of  an  "unrestricted**  (32-bit)  digital  mechanization 
compared  to  the  unquantized  analog  counterpart*  Peculiarities  of 
the  digital  mechanization  due  to  non-linear  effects  are  then 
described  together  with  the  corrective  measures  taken* 

The  effects  of  computing  precision  are  explored  for  the 
cases  of:  a#  12»  16  and  32-bits  fixed-point»  (sign  plus 

magnitude)#  respectively*  A distinction  is  made  between 
precision  versus  word  length  since  the  former  is  achievable  on 
various  word  length  machines  subject  to  a throughput  penalty  for 
byte  manipulation*  Performance  sensitivity  to  data  sampling 
rates  over  the  range  of  125  Hz  to  1000  Hz  are  reported  followed 
by  computational  delay  and  A-D/O-A  quantization  effects*  lastly 
the  computer  requirements  are  summarized  for  each  of  the  three 
generic  classes  of  air-to-air  oir,slle* 

5.2.1  liaulalioo-iiodfti 

A typical  pitch  (or  yaw)  planar  autopilot#  shown  In 
analog  form  in  Figure  110#  was  converted  to  digital  operation  for 
simulation  on  a CDC  6790  general  purpose  digital  computer  to 
determine  performance  sensitivity  to  computing  precision#  A-D/D-A 
quantization  level  and  sampling  rate*  All  of  the  resulting 
digital  arithmetic  shown  i^n  Figure  1)2  was  digitized  step  by 
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Figure  112  Planar  Pitch  (or  Yaw)  Digital  Autopilot 


Flgurg  113  Digital  Autopilot  Stop  Response 
"unrestr Icted*  Data  Intorval  and  Computing  Precision 


step  in  fixed-point  format  with  the  choice  of  8*12,16  or  32-bit 
precislon»  while  the  A-D  and  D-A  interfaces  to  the  regaining 
analog  section  were  quantized  independent  of  the  computing 
precis  ion  se lected. 

Sampling  rates  for  the  rate  and  acceleration  feedback 
paths  were  also  independently  variable*  and  provision  was  made 
for  delaying  the  output  of  the  calculated  fin  command  for  a fixed 
inter va  I • 


Two  body  bending  modes  were  included  in  the  analog 
portion  of  the  simulation  to  observe  when  foldover  of  these 
frequencies  became  a problem.  The  parameters  associated  with 
these  modes  and  with  the  missile  rigid  body  motion  are  listed  In 
Table  46  together  witn  the  autopilot  constants  used  in  the  study. 
These  values  were  chosen  to  give  a relatively  low  stability 
system*  l.e.  one  that  would  quickly  point  out  the  destabilizing 
effects  of  digitization. 

The  open-loop  frequency  response  of  the  continuous  rate 
loop  Is  shown  In  Figure  lir,  as  Is  the  gain  plot  of  the 

closed-loop  N /N  autopilot.  Innor  loop  gain  margin  Is  seen  to 

C 

be  only  3.2  db » while  the  closed  loop  bandwidth  Is  approximately 
7.5  ad/ sec.  Body  bending  peaks  were  not  destabilizing. 

The  banowidth  of  the  closed-loop  response  was 
corroborated  by  running  the  forward-time  digital  simulation  in  an 
essentially  Munr estr ic t edM  mode  i.e.v  32  bits  precision  and  2 KHz 
data  rate.  The  corresponding  step  response  of  Figure  113. 
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TABLE  46 


AUTOPILOT/ AIRFRAME  PARAMETERS 


AUlQeXLQl 

K 2.82 

I 

K,  0.15 

«#  0.115 

T§  0.019  secs. 

UIE-tm  WM  - 377  rad/ sac.  ; « 0.7 

UH-ACIU&iaa  “n  - 150  rad/sac,  c ■ 0.5 

lUEtm 

t * 6.26  • I_±_fl*an4Sfci.J:-0*Oaoaiai-  luN  - U.7  rad/sac) 

i 

1 ♦ 0.0457S  ♦ 0.00616S 

G • 8.62  ♦ Ut, ,9*915  — 

i 

1 ♦ 0.0457S  ♦ C.0C616S 

BB  • s_{UOQ3kA3 <%  ■ 242  ftd/stc,  r * 0.025! 

1 * 

L ♦ 0. 00021 S ♦ 0 .09001*73 

8%  • =_{uaaoaia^ f**  - 697  r «d/s#c » r,  * 0.0251 


L ♦ 0 .000075  ♦ O.OOOOCT2S 


comparts  rather  closely  to  a second  order  system  with  damping 
ratio  equal  to  0.6  and  bandwidth  equal  to  7.4  red/sec,  and  the 
steady-state  gain  of  0.83  similarly  matches  that  of  the  frequency 
response  of  Figure  111.  Figure  113  therefore  becomes  the 
baseline  step  response  to  which  the  performance  of  each  digital 
autopilot  test  case  Is  compared. 

5.2.2  QlgllaJ^Emcullaxllima 

As  stated  above9  each  of  the  digital  arithmetic 
operations  in  the  autopilot  was  quantized  In  fixed-point  format 
consequently  requiring  that  the  maximum  value  of  each  externally 
and  internally  generated  variable  be  determined.  For 
convenience*  powers  of  two  were  chosen  for  each  of  these  maximum 
valuesi  and  a partial  listing  is  given  below  (reference  Figure 
1121: 


i ax  labia 


Haaiaua-laJUie 


t 32  g 
t 32  g 

l 2 56  deg/sec 
l 32  g 

t 32 

1 16 

1 32  deg 


The  values  shown  for  the  Input  and  output  of  the  forward 


path  integrator  are  somewhat  deceptive.  This  function  has  the 


potential  of  giving  a vary  large  output  for  a vary  seal  I Input 
and  internal  quantization  of  the  Integrator  equation  of  Figure 
11?  can  cause  the  entire  autopilot  to  becone  effectively  turned 
off.  As  an  exaaple  of  this  consider  that  the  constant  A,  In 
Figure  112  Is 

A * K T /a 
I IS 

where  T Is  the  saapllng  Interval.  For  K * 2.82  and  T * r.O 

S IS 

Millisecond*  A}  becones  0.00141.  A 10  9 step  conaand  Into  the 
autopilot  will  then  produce  a product  A,  1 of  0.0141.  However* 

* 1 

If  the  coaputer  only  has  8 bit  precision*  the  least  significant 

bit  (LSB!  of  the  output  variable  1 is  equal  to  0.126  and 

o 

consequently*  the  output  of  the  Integrator  resalns  at  zero  for 
the  first  pass  through  the  equations.  It  Is  a slsple  natter  to 
show  that  the  output  will  stay  at  zero  Indefinitely*  effectively 
shutting  off  the  autopilot. 

In  this  exanple*  the  data  Interval  Is  too  short  to  allow 
the  Input  value  to  be  Integrated  up  to  the  least  significant  bit 
CL  SB  I level  of  the  output.  The  problem  can  be  solved  by  using 
greater  precision  In  the  coaputer  or  extending  the  data  Interval 
(the  Vomer  reducing  the  output  LSB*  the  latter  Integrating  over 
a long  period!*  but  whatever  the  cosblnatlon  used*  there  will  be 
sone  value  of  Input  for  which  the  systen  will  not  work.  12-bit 
precision  and  8 nsec  data  Interval*  for  Instance*  will  not  pass  a 
step  g connand  snaller  than  0.7  g. 

A Method  of  avoiding  this  difficulty  Is  to  perforn  the 
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integration  In  two  stages*  separating  the  Input  Iron  the  output* 

This  is  Illustrated  in  Figure  £14  (A)  and  (Bit  where  the  one  - 

and  two  - stage  oethods  are  coopered  respectively*  In  the  latter 

scheie«  the  Input  Is  integrated  up  to  a variable  %s  » whose 

oaxiouo  value  Is  only  slightly  larger  than  the  lSB  level  of  the 

output*  I » Tne  LSB  value  of  X • therefore*  Is  very  soall  and 
o % 

the  Integration  Is  able  to  proceed  with  soall  Inputs*  When  X 

% 

reaches  an  output  LSB  (plus  or  olnusl*  the  output  la  Increoented 

(or  decreoented!  by  X « and  X is  reset  to  zero*  A cooper  Ison 

% % 

of  the  capabilities  of  these  two  integration  scheoes  Is  shown 
be  I owl 


Saailest  Autopilot 


Banda  J tuxlUil*.  Idaxyai 

late* xaiax 

dap -inn 

6 blts/1  osec 

1-stag* 

B9  g 

2-stag* 

0.7  g 

12  blts/8  osec 

1-stag* 

0*7  g 

2- stag* 

0*0003  g 

Sooewhat  the  saoe  consideration  oust  be  given  to  the 
digital  structural  filter*  since  the  bl*llnear  Z-transf oroat ion 
which  produces  the  equation  shown  In  Figure  112  also  results  In 
the  constants  B and  B being  functions  of  the  data  Interval* 

i i 

However*  for  oaxiouo  body  rates  of  150*200  deg/sec  and  a steady 

product 

can  so  kept  consistently  at  32*  and  the  B a product  sooewhat 

1 M 

less  consistently  (but  sufficient  for  this  study)  at  2*0*  At  a 
data  Interval  of  4 osec  * this  corresponds  to  a LSB  of  1*4  deg/sec 
for  with  S bit  precision*  and  0*09  deg/sec  for  12  bits* 


state  gain  of  0*1X5  I*  )*  the  oaxlouo  value  of  B A 

• i 
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).  X,  = £?,(/»,  *It) 

?•  *2  - <?,6Wr  .) 
a X3  = QzCXi+xS 
i.  qi  « g>3(x,+  Ii  ) 


Ir 

/ 

Io 

s 

Q,  £ QUANTIZE* 


NOTE'  IF  X*<Q 9,  OUTPUT  I0 
WILL  NOT  CHANGE 


I A)  J Ini It-Stat*  digital  Integrator 


lx 

1 

Xy 

r*- 

To 

S 

-r1 

BESET 

>■  X,  - Q,lA,*Ii) 

2.  Xj  = Qi  LA i * Iz  ) 

3.  X3  * QtU,  + X£> 
y.  Xy  » QziXi-rXiJ 

5.  <X^V^T>^-  Xo’X©., 

*y£« 

6.  I0  = (Xy  * I0 ) 

7.  X£S£7  Xy  TO  ZEBO 

16)  luo-Staga  Digital  liitMtitoi 


FttUtt  1U  - INI fGAAl  ION  SCNINIS 
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Throughout  this  study#  Ndata  Interval"  rsfsrs  to  ths 
saapllng  Intsrval  of  ths  Innsr  two  autopilot  loops  (Figure  1 1 2c) 
ths  outsr  I accslsroastsr)  loop  Is  always  saaplad  at  half  ths 
Innsr  loop  rats.  Ths  D-A  Is  updatad  at  ths  Innsr  loop  rats* 

5*2*3  Caaoulimugiacialop 

Flgurs  1 1 St  A I shows  ths  rssponss  of  ths  autopilot  to  a 
ldg  stop  Input  using  a 1 KHz  data  rats  and  coaputlng  precisions 
on  16 1 12#  and  S pits  (aagnituds  ♦ sign)#  respectively* 
Two-stats  Integration  was  used#  with  ths  A-0  and  D-A  convertors 
quantizing  at  the  saas  level  as  the  coaputer  precision  selected* 
The  16  bit  response  Is  Identical  to  that  of  Figure  113#  while 
wltn  12  bits  the  systea  enters  a seal  I oscillation  eode  soon 
after  the  Initial  period  of  the  response*  The  poak-to-poak 
aapiitude  of  this  oscillation#  aeasured  after  2 seconds#  Is  only 
0*2  g|  and  the  frequency  of  oscillation  Is  about  3*5  Hz* 

The  oscillatory  aode  becoaes  doalnant  when  the  coaputlns 
precision  Is  reduced  to  I bits#  with  the  peak-to-psak  aapiitude 
becoelng  1*9  g at  a frequency  of  3*0  Hz*  The  oscillation  slowly 
decays  but  whether  It  disappears  eventually  was  not  Investigated# 
since  the  eery  lightly  daaped  response  Is  In  Itself  unacceptable* 

The  aapiitude  of  the  oscillation  Is  of  Interest  because 
It  was  predictable  Iron  the  discussion  In  the  previous  section  of 
this  report  where  an  S blt/1  ease  systea  was  shown  to  be  unable 
to  pass  a step  ceaaaad  bei o*  0*7  g*  Twice  this  value#  or  1*6  g 
would  be  the  alnlaua  peak-to-peak  aapiitude  square  wave  that 
could  be  passed#  leading  to  the  suspicion  that  Internal 
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quantizing  in  the  integrator  is  the  cause  of  the  oscillatory 
response  of  Figure  l!5.  However,  when  quantizing  was  virtually 
removed  from  the  integrator  132  bits)  but  left  everywhere  else* 
the  oscillation  was  not  completely  eliminated*  but  the  amplitude 
was  reduced  to  0*9  g and  frequency  remained  unchanged* 

To  determine  whether  truncation  of  the  fin  actuator 
command  was  at  fault*  the  above  case  (un-quart I zed  integrator) 
was  re-run  with  the  rate  loop  closure  and  the  D-A  quantized  to  16 
bits*  This  left  only  the  structural  filter*  accelerometer  loop 
closure*  and  middle  loop  closure  quantized  at  8 bits*  Results 
were  only  slightly  affected*  the  oscillation  amplitude  remaining 
at  D *9  g* 


The  Investigation  was  not  continued  further  since 
quantization  of  the  A-Ds  (0.25  g«  2 deg/sec  quantum  levels)  and 
Internal  quantizing  of  the  structural  filter  undoubtedly  cause 
the  3*9  g oscillation*  and  it  is  obvious  that  it  would  be 
difficult  to  make  an  8 blt/1  msec  system  work  satisfactorily* 

5.2.4  Qa^a.^ampl,laa/.Ufidala„.Rala 

Figures  115(B)*  (C)  and  (0)  show  the  autopilot  step 
responses  corresponding  to  computing  precisions  of:  16*  12*  and 

8 bits  respectively*  at  data  intervals  of  4 and  8 msec*  Both  the 
16  and  12  bit  systems  have  negligible  oscillations  at  the  shorter 
interval*  but  both  have  approximately  0*5  g peek-to-peak 
oscillations  at  10  HZ  when  the  data  Interval  is  lengthened  to 
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Figure  1 IS  Olgl tal 
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8 msec.  The  8 bit  system,  however,  exhibits  a 1 g oscillation  at 
either  of  the  two  data  intervals,  and  In  both  cases  this  Is  less 
than  the  amplitude  for  a 1 msec  interval.  This  is  consistent 
with  the  previous  discussions,  in  that,  allowing  the  integrator 
more  time  to  integrate  helps  to  alleviate  some  of  the  adverse 
effects  of  quantization.  Figure  LI6  summarizes  the  above  effects 
with  a plot  of  oscillation  amplitude  versus  data  Interval  for  8, 
12,  and  16  bit  precision. 


Figure  116  Digital  Autopilot  Step  Response 
Oscillation  Amplitude  vs  Data  Interval. 


327 


The  above  results  can  be  presented  in  • sore  concise  *ay 
by  considering  the  duty  cycle  of  the  fin  actuator  over  the  two 
seconds  of  the  step  response.  Duty  cycle  is  the  total  travel  of 
the  fin,  obtained  by  continuously  Integrating  the  absolute  value 
of  the  fin  rate*  Since  everything  in  the  simulation  other  than 
the  digital  computer  model  is  linear*  an  oscillation  In  the 
missile  9 response  means  that  fin  must  also  be  oscillating.  The 
larger  and  faster  the  oscillation*  the  greater  will  be  the  fin 
duty  cycle  and  the  total  volume  of  hydraulic  oil  used/passed  in 
the  actuator. 

Figure  117  shows  the  duty  cycle  resulting  (over  2 
seconds)  from  step  responses  of  the  different  systems  considered 
above.  The  32-bit  curve  Is  essentially  an  un-quantized  system* 
and  it  can  be  seen  that  a B6  bit  system  follows  it  closely.  The 
32-bit/l  msec  point  (4.5  degrees  duty  cycle)  can  be  taken  as  the 
baseline  value*  and  going  to  an  8 msec  Interval  obviously 
Increases  the  duty  cycle  by  almost  an  order  of  magnitude* 
f corresponding  to  the  observed  fact  that  the  16-blt  system 

oscillates  for  data  Intervals  of  8 msec. 

The  8-blt  system  Is  too  lightly  damped  to  be  acceptable* 
but  the  12-bit  system  actually  outperforms  the  16-bit  at  larger 
data  Intervals*  an  anomalous  result  pointing  out  the  Inherent 
non-linearities  in  a digital  system.  At  smaller  Intervals,  the 
16-blt  system  Is  clearly  superior*  as  expected.  The  fluctuations 
in  the  12-  and  8-blt  curves  of  Figure  117  (all  of  the  indicated 
data  intervals  were  run  on  the  simulation)  are  unexplained*  but 
assumed  to  be  nonlinear  phenomena. 
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From  these  results  It  can  be  generally  concluded  that  an 
acceptable  digital  autopilot  should  implemented  with  16-bit 
precision  and  with  an  inner  loop  data  Interval  of  4 msec  maximum. 

5.?. 5 CjoaoiiiAllajial-Qada  jL-and-Ixilfti  I acm-AdEZOsA^iumllzatioo 

The  effects  of  computer  computation  time  and  of  D-A  and 
A-D  quantization  were  determined  for  the  16-bit/4  msec  system. 

In  Figure  r 18,  fin  duty  cycle  Is  presented  as  a function  of  these 
parameters.  Obviously#  the  8-bit  interface  gives  considerably 
inferior  results  compared  to  the  other  quantization  levels#  but 
there  Is  little  basis  for  choosing  a H6-blt  A-D  arid  D-A  interface 
and  if  the  computation  time  delay  does  not  exceed  600/tsec#  a 
10-bit  interface  will  suffice. 

5 . z . 6 Commit  mt-iaauitmmmmtm-tiiammtx 

Based  on  the  simulation  analyses  described  above#  Table 
47  summarizes  the  recommended  computer  parameter  values  for  each 
generic  missile  class.  The  highest  data  rate  1500  Hz)  and 
shortest  computational  delay  (600 u secs!  Is  required  for  the 
Class  II!  system  with  some  relaxing  of  these  parameters  to  250  Hz 
and  800  pseca  for  Class  I missiles. 
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Figure  117  Digital  Autopilot  Step  Response  Fin  Duty  Cycle  vs 

Data  Interval 

MCAltAAT/Q*  COMMA M <*«>  » /Of  §7tm 
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Figure  118  Digital  Autopilot  Step  Response  Fin  Duty  Cycle  vs 


Computational  Delay 


TABLE  47 


AUTOPILOT 

COMPUTER  REQUIREMENTS 


Parameter 

I 

Missl  le 
11 

Class 

111 

Computing  Precision  (Bits) 

16 

B6 

16 

A-D/O-A  Quantization  (Bits) 

10 

12 

12 

Computational  Delay  (y  secs) 
(each  of  5 channels) 

800 

660 

600 

Rate  Loop  Data  Interval  (msecs) 

4 

2 

2 

Equivalent  Adds 

(autopilot  and  structural  filters) 

183 

615 

615 

Throughput  (Kaps) 

(autopilot  and  structural  filters) 

76 

515 

542 

It  shovld  be  noted  that  the  Class  I data 

interval  has 

been 

reduced  to  4 msec  from  the  6 msec  shown 

in  the 

Phase  1 

final 

study  rtport. 

Tht  greatest  change  In  the  data  reported  In  Phase  1 study 
report  Is  In  the  throughput  (Kaps)  required  for  the  autopilot  and 
structural  filter  functions.  Previously,  the  equivalent  adds 
needed  by  each  Class  were  averaged  over  the  data  interval*  but  It 
now  becomes  clear  from  the  perfomance  simulations  that  the  full 
Interval  cannot  be  used  to  perform  the  autopilot  calculations. 
Instead,  these  calculations  must  be  executed  within  the  allowable 
coeputat Iona  I time  delay,  resulting  In  the  increased  throughput 
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values  shown  in  Table  47* 

It  should  also  be  neted  that  these  values  apply  only  to 
the  Hbasic  autopilot's  (Module  Al)»  and  the  "structural  filter 
and  fin  nix*#  (Module  A2)  # wnlch  are  the  high  data  rate  nodules 
discussed  In  the  Phase  1 report,  coapared  to  the  Hz  induced 
roll  reduction#  gain  determination  and  angle  of  attack  variation 
nodu I es. 


332 


5.3 


SiMAl^Lfl£aMliig^£a£.lfl£«ioca 


Of  the  seven  radar  optratior.nl  nodes  defined  and 
discussed  in  subsection  4.2.4  the  target  acquisition  node  has 
been  selected  to  evaluate  the  effectiveness  versus  conplexlty  of 
digital  signal  processing  techniques  and  algor  Ith&s*  since  this 
node  is  the  nost  crucial  in  the  target  engagenent  process. 

5.3.1  llgoai-Exflc&MM-lxadftiiH  -Parana 

The  prinary  requlrenents  that  affect  target  acquisition* 
given  in  Table  18  subsection  4.2.5»  ares 

Ooppler  Anbl9ulty:  20  KHz 

Range  Anblgulty:  I/P RF 

Probability  of  Detection:  0.95  In  l.Q.  sec 

False  Alam  Tine:  1.0  sec 

Range  anblgulty  Is  specified  as  I/PRF  since  for  all  of 
the  range  gated  systems  of  interest  in  this  study*  the  range 
anblgulty  due  to  the  Inter  pulse  spacing  of  the  putse-doppler 
waveforns  is  less  than  the  A!  radar  range  designation  accuracy. 
The  prinary  signal  processor  paraneters  that  affect  acquisition 
perfornance  are: 

1.  Nunber  of  ranges  gates  inp tenanted 

2.  Range  gats  width 

3.  Nunber  of  points  in  FFT 

4.  FFT  doppler  cell  width 

5.  Nunber  of  dwells  post-detection  Integrated 
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The  manner  in  Mhlch  these  parameters  are  interrelated  may 
be  seen  by  considering  the  data  presented  in  Figure  119  which 
shows  the  single  look  probability  of  detecton  vs  the  required 
cumulative  probability  of  detection  and  the  number  of 
observations  (looks). 


Figure  119.  Single  Look  Probability  of  Detection  (P^  ) vs 

Required  Cumulative  Probability  ct  Detection  (P  ) and  Number 

CUM 

of  Observations  IN) 

The  time  it  takes  to  make  one  observation  of  the  total 
range-dopoler  ambiguity  Is  called  the  frame  time*  If  the 
complete  doppler  ambiguity  Is  spanned  by  a single  FFT  spectrum 
and  the  complete  range  ambiguity  is  spanned  by  a bank  of  range 
gates*  one  frame  consists  of  a single  rar.ge-doppler  •look**.  On 
the  other  hand*  If  the  FFT  spectrum  covers  1/3  of  the  doppler 
ambiguity  and  the  number  of  range  gates  x pulse  width  covers  1/3 
of  the  range  ambiguity*  It  takes  3x3*9  looks  to  make  up  1 frame. 


§ 
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The  single  look  probability  of  detection  depends  on  the 
signal-to-no ise  ratio  available  per  range-dopp ler  cell  and  upon 
the  allowable  false  alarm  probability  per  range-dopp ler  cell. 


The  slgnal-to-noise  ratio  per  range  doppler  cell  depends  on  the 
doppler  cell  width  for  thermal  noise  (SNR  - ^ and  upon 

both  the  doppler  cell  width  and  range  gate  width  for  clutter 

environments  I SNR  - 1/a  x T I*  The  required  single  cell 

PCELL  TGATE 

false  alarm  probability  Is  (Reference  5-31* 

P s 
PA  n' 


where  n'  Is  the  number  of  range-doppl er  cells  examined 
in  the  false  alarm  time*  T 

FA 

n;  * (No.  of  range-doppler  cells  per  frame)  x (T  /frame  time) 

FA 


The  relationship  between  P and  P is  illustrated  In 

FA  DET 

Figure  1 20.  It  Is  apparent  that  to  achieve  a specified  P * In  a 

FA 

given  noise  environment*  that  the  threshold  bias*  * must  be 

B 

adjusted  accordingly.  The  threshold  bias  level  directly  affects 
the  slgnal-to-noise  level  necessary  to  achieve  a specified 
detection  probability.  Therefore*  having  decided  on  the  number 
of  range-doppler  cells  to  be  examined  In  the  fatse-alarm  time* 
the  slgnal-to-noise  ratio  to  achieve  the  required  single  look 


detection  probability  fellows  directly.  Section  5.3.2  presents 
tradeoffs  for  the  four  candidate  radar  sensor  signal  processing 
systems  that  were  specified  in  subsection  4.2. 3.  Th*  common 
measure  of  performance  for  the  various  systems  and  their 


parameter  variations  is  the  slgnal-to-noise  ratio  In  a 100  Hz 
bandwidth  to  achieve  the  specified  cumulative  detection 
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probability  and  falsa  alara  tlaa 


Fi9u.re  120.  Probability  of  Datactlon  and  Falsa  Alara 

Relationships . 


Tha  aaxlaua  allowable  post-detec t ion-1 ntegratfon  tlaa  la 
dictated  prlaarkly  by  targat  accalarat lon/daca lavat Ion  along  tha 
alssl le-target  I Ine-of -sight.  This  Is  saan  by  eonsldarlng  tha 
fo I l owing  aquations: 


Dopplar  Frequency  - fQ  ^ •-1-  Rfrr 

Oopplar  ftate-of -Change  - r * - R^ 

D X "T 

dhere:  R - Nlasl le-to-tar gat  ranga 

R - 2(a  / ♦ a /It  tha  accalaratlon 

Ft?  MSL  LOS  TOT  LOS 

along  LOS* 


X - Wavelength 
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I 

Thi  doppler  frequency  shift  duo  to  aisilli 

! 

acceleration/deceleration  Is  compensated  for  in  ths  guidanco  dots 
processors  tsrgst  tracking  filter  which  utilizes  Integrated 
■isslle  longitudinal  acceleration*  The  doppler  frequency 
rate-of -change  due  to  target  acceleration  only  (At  x-Bandl  Is 
then: 

f I • 20«a  I 

D TGT  TGT  LOS  { 

■1 

The  sax I sue  expected  target  10 5 acceleration  Is 

approxlsately  6 ge(l94  fps2/59  apl)  which  gives 
• * 

f • -3B60  Hi/SEC 

D '6gTGT 

The  change  in  doppler  for  this  acceleration  as  a function 
of  observation  ties  Is: 

T I seel  tfi Hz) 


0.01  39 

0.03  193 

0.10  3§6 

0.?0  77* 

These  results  Indicate  that  for  a FFT  doppler  cell  width 
of  200  Hz t the  target  doppler  will  shift  by  ana  whole  doppler 
cell  In  SO  osec  which  Is  ten  S msec  dwells.  The  net  effect  Is  to 
reduce  the  effective  eost~detect Ion-Integration  SKA  gain  during 
the  tines  ef  peak  target  acceleration.  This  affect  Is  sonewhat 
oi tlgated  by  the  spectral  spreading  caused  by  burst  anplltude 
weight  Inf. 
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5.3.2  HflDal-&lQCaillM-.£at  lfllllDLi-llAiiafllla 


DUtulax_.laaaoiJ  - Parforaanca  tradeoff  data  for  the  CM 
radar  sanaor  art  shown  In  Flguras  121  and  122. 

Tha  data  prasantad  In  Flgura  121  shows  tha  SNR  raquirad 
In  a 100  M2  bandwidth  to  achleva  tha  spaclflad  cuaulatlva 
probability  of  datactlon  and  falsa  alara  tlaa  as  a funetlon  of 
rou9hln9  filtar  bandwidth  and  FFT  siza.  In  deriving  this  data  It 
was  assuaad  that  tha  affactkva  nuaber  of  FFT  calls  was  as 
fol I ows: 


FFT  Effective  Nuabar 

Slza  of  FFT  Cal  Is 


32  25 

64  50 

120  100 


It  was  also  assuaad  that  tha  roughing  filtar  bandwidth  Is 
divided  by  tha  affactlva  nuabar  of  FFT  calls  to  obtain  tha  FFT 
call  width  and  raquirad  dwall  tlaa  te.g.  for  32-pt  FFT  and  5 KHz 

roughing  filtar  bandwidth „ * 5000/25  • 200  Hz  and  T • 

CELL  DVTLL 

17200Hz  • 5 asac). 


Froa  Figure  121  It  Is  saan  that  tha  32-Pt  FFT  gives  tha 
oast  parforaanca  with  a 5 KHz  roughing  flltar»  tha  64  or  120-pt 
bast  parforaanca  with  a 10  KHz  roughing  filtar  and  tha  120-pt  FFT 
with  a 20  khz  roughing  filtar.  Tha  coaaon  factor  for  tha  thraa 
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"best**  choices  is  the  FFT  cell  width  of  200  Hz  corresponding  to  a 
5 msec  dwell.  The  nominal  SA-CH  radar  sensor  specified  in  Table 
18  (subsection  4.2.51  has  a roughing  filter  bandwidth  of  1.0  KHZ » 
a 64-point  FFT,  and  a 5 msec  dwell  which  appears  to  be  a 
reasonable  choice  based  on  the  data  of  Figure  121. 

Figure  122  shows  the  effect  of  the  number  of  dwells 
post-detection  integrated  for  a 64-point  FFT  as  a function  of 
roughing  filter  bandwidth.  Again  ten  dwells  seems  to  be  a 
reasonable  choice,  and  the  limitations  on  post-detection- 
integration  time  are  not  violated. 


Figure  121.  SNR  va  Roughing  Filter  Bandwidth  and  FFT  size 


for  SA-CN  Radar  Sensor 


'<o 


■n 
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KOU&H/tt*  Fli  Til  8AMDWI0TH  (HM») 


F I gur e 1 22.  SNR  vs  Roughing  Filter  Bandwidth  and  Number 
of  Staples  PD  I for  SA-CW  Radar  Sensor 


EQ-R&iiax-Seoaflxa  * Performance  tradeoff  data  for  PD  radar 


sensors  is  shown  in  Figures  123»  124  and  125*  The  data  in 


Figures  123  and  124  show  the  si gnal-to-noise  ratio  reouired  in  a 


IDO  HZ  bandwidth  to  achieve  the  specified  cumulative  detection 


probability  and  false  atari  tine  for  a 64  or  126-pt  FFT  as  a 


function  of  roughing  filter  bandwidth  and  the  fraction  of  the 


ranse  anbiguity  covered  by  the  range  gate  bank* 


A ratio  of  R /R  *1*0  implies  tne  total  range 

GATE  AMB 

ambiguity  is  covered  by  the  sensors  range  gate  bank.  Note*  for 


ASSUMPT/OtfS, 

Stft  itfftfttO  To  too  Ha  SAAbWIOTH  . 
frv  pt  rrr 

— • DOPPLSt  AWUtrr  m 20  KHm 

PCum  * 0.9S  Iff  t.O  sec 
rfA  = t.o  sec 

m.  pdi  * wpgi/tfn  rypf  i taasst 


this  example  it  is  assumed  that  16  gates  are  required  to  cover 


the  range  ambiguity*  (A  maximum  of  10  gates  corresponding  to  the 
candidate  A-PD  sensor*  Mould  not  make  a significant  difference)* 
This  data  shows  the  expected  result  that  covering  a larger 
percentage  of  the  range  ambiguity  covered*  the  more  frames  per 
second  can  be  achieved*  thus  lowering  the  per  frame  SNR 
requirement.  The  candidate  SA-PD  sensor  for  the  Class  II  missile 
has  5 gates  covering  1/3  of  the  range  ambiguity*  a 64-polnt  FFT  a 
10  KHz  roughing  filter*  5 msec  dwell*  with  10  dwells 
post-detect I on- Integrated . The  candidate  A-PD  Class  III  sensor 
has  the  same  parameters  except  that  Is  has  10  gates  cowering  the 
complete  range  ambiguity*  The  A-PD  parameters  appear  to  be  '*near 
optimum**  while  the  SA-PD  acquisition  performance  could  be 
Improved  with  Increased  mechanization  (more  "cost**).  The 
performance  of  the  128-polnt  FFT  is  reduced  ower  that  of  the 
64-polnt  FFT  primarily  because  smaller  doppler  cells  are  used  to 
cover  the  roughing  filter  bandwidth*  This  results  In  more 
range-doppl er  cells  for  the  specified  false  alarm  time  thus 
lowering  the  false  alarm  probability  per  cell  which  is  achieved 
by  raising  the  threshold*  The  Increased  threshold  requires  a 
larger  per  cell  SNR  to  achieve  the  specified  per  frame  SNR* 
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Figure  123.  SNR  vs  Roughing  Filter  Bandwidth  and  Range 
Gate  Coverage  for  64-point  FFT 
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SNR  vs  Roughing  Filter  Bandwidth  and  Range 
Gate  Coverage  for  126-point  FFT 


The  effect  of  the  nuaber  of  dwells  post-detection- 
integrated  for  a 64-point  FFT  and  1/3  range  aabiguity  coverage  is 
shown  in  Figure  125  as  a function  of  roughing  filter  bandwidth. 

It  is  seen  that  10  dwells  again  appears  to  be  a reasonable 
choice. 
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Figure  125.  SNR  vs  Roughing  Filter  Bandwidth  and  Nuaber  of 
Owelfs  PDI  for  PO  Radar  Sensor 
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5.3.3 


Based  an  the  previous  performance  data*  it  should  be 
possible  to  buy  Improved  acquisition  performance  at  the  expense 
of  Increased  computing  load.  That  this  Is  the  case  is  shown  in 
Figures  126  and  127.  Figure  126  shows  the  required  acquisition 
slgnal-to-no  1st  ratio  (in  a 100  Hz  reference  bandwidth)  vs  signal 
processing  computer  throughput  rate  (measured  in  kops)  and  for 
the  SA-CW  missile.  The  parameters  used  in  computing  this  curve 
are  shown  on  the  figure.  Ttje  primary  variable  parameter  is  the 
roughing  filter  bandwidth  which  varied  from  5 to  20  kHz  with  the 
FFT  cell  width  held  constant  at  200  Hz  and  the  number  of  dwells 
post-detect ion-integrated  held  constant  at  10.  The  Class  1 radar 
sensor  parameters  correspond  to  the  middle  data  point  on  the 
curve. 


COMPUTtM.  THROUGHPUT  RATg  (KOP& 

Figure  126  Required  Target  Acquisition  SNR  vs  Worst-Case  Signal 
Processing  Computer  Throughput  Rate  for  SA-CW  Radar  Sensor 
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figure  127  shows  the  required  target  acquisition  SNR  vs 
the  worst  case  signal  processing  computer  throughput  rate  for  the 
pu Ise-doppi er  radar  sensor.  The  parameters  varied  to  generate 
this  curve  were  the  number  of  points  in  the  FFT  and  the  number  of 
range  gates  mechanized  relative  to  the  number  of  range  gates 
required  to  span  the  complete  range  ambiguity.  The  parameters 
held  constant  were  the  range-dopp I er  cell  size  (0.2  Usee  x 200 
Hz),  the  range  doppler  target  ambiguity  region  (3.2  Msec  x 20 
kHz),  and  the  number  of  dwells  post-detection  integrated  (10). 

As  can  be  seen  from  the  resulting  curve(s),  there  is  a very 
definite  tradeoff  between  computer  throughput  rate  and  the 
required  target  acquisition  SNR.  For  reference  purposes,  the 
data  from  Figure  126  has  been  included  showing  how  the  SA-CW 
requirements  compare  to  PD.  It  is  qultt  obvious  the  SA-CW  system 
Is  superior  in  terms  of  computer  throughput  to  achieve  a 
specified  target  acquisition  SNR.  However,  it  must  be  pointed 
out  that  this  data  applies  to  target  acquisition  in  a thermal 
noise  limited  environment.  The  PD  sensor  will  have  a ciear 
performance  advantage  in  a clutter  environment  (e.g.  against  low 
altitude  receding  targets).  Also,  the  PD  sensor  has  the  ability 
to  resolve  targets  in  range  which  is  important  in  engaging 
multiple  target  formations. 


CO*Hir£l  THMQUVtnjT  t*T£  (MO**) 


Figure  127  Required  Target  Acquisition  SNR  vs  Worst-Case  Signal 
Processing  Coaputar  Throughput  Rato  for  Pul se-Dopplor  Radar 

Sensor 

The  "operating  points"  for  the  Class  It  11?  and  III  radar 
sensors  are  also  shown  In  Figure  127.  Note,  that  the  Class  III 
sensor  <A-PD)f  uses  less  range  gates  to  cover  its  range  aabigulty 
along  with  a 64-polnt  FFT.  The  reduction  In  coaputer  throughput 
is  directly  a function  of  the  nuaber  of  gates  for  a given  FFT 
size  so  that  this  point  corresponds  to  the  U6/16I  point  shown  on 
the  64-polnt  FFT  curve. 


L 
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6.  MISSILE  COMPUTER  PERFORMANCE  REQUIREMENTS 


Based  on  the  functional  analyses  and  simulations 
described  in  the  previous  two  sections  of  this  report  and  the 
worn  contained  in  the  Phase  I Final  Report  (Ref.  R.l)*  worst 
case  computer  requirements  are  presented  in  this  section  for  each 
missile  class  in  terms  of  throughput*  as  thousands  of  operations 
per  second  (Kops)*  and  associated  instruction  mix*  (l.e. 
percentage  breakdown  of  add/subtract*  multiply/divide* 
load/s tore/ I eg  lea  I / branch) * and  number  of  data  versus  program 
memory  locations.  The  expression  of  throughput  In  terms  of 
thousands  of  equivalent  adds  per  second  <Kaps)»  as  in  the  Phase  1 
Final  Report*  has  been  discontinued  In  favor  of  kops  and 
Instruction  mix*  since  the  latter  Is  more  useful  in  assessing  the 
performance  capabilities  of  different  candidate  computers.  Maps 
assume  a fixed  ratio  of  multiply  and  divide  to  add  execution 
times*  and  nence  apply  to  a specific  computer.  Computer 
requirements  are  given  for  each  major  missile  function*  fe.g. 
signal  processing*  guidance*  autopilot*  fuzing  etc.)*  and  in 
totum*  as  a composite  load*  to  provide  the  flexibility  to 
configure  either  a federated/distributed  compjter  system  or  a 
single  central  computer  mechanization. 

worst  case  computer  throughput  requirements  are  driven  by 
the  aliowaofe  computational  delay  following  data  sampling  i.e.* 
tne  toleraole  time  Ia9  between  the  Instantaneous  sensing  of  the 
real-time  environment  and  the  application  of  compensating  missile 
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control  surface  actions.  The  number  of  missile  functions  to  be 
executed  by  a computer  within  the  computational  delay  period  is 
determined  by  the  computer  system  configuration  selected.  Single 
computer  systems  would  be  required  to  time-multiplex  all  missile 
guidance  and  control  functions*  while  maintaining  tne  data 
sampling  rate  and  computational  delay  criteria  on  an  individual 
function  basis*  thereby  creating  a high  throughput  requirement. 

In  federated  computer  systems*  whole  or  sem I -autonomous 
functions  would  be  assigned  to  separate*  dedicated  machines 
thereby  minimizing  the  throughput  requirement  for  each  computer. 

Two  distinct  computational  delays  can  be  identified  in 
missile  guidance  and  control  systems  determined  by  the  type  of 
controi  loop  i.e: 

U Body  motion 


2) 


Guidance/Steer ing 


Figure  12a  Illustrates  the  above  loops  In  a typical 
missile  guidance  end  control  system  Incorporating  a 
g imba I I ed-p I at f or m type  target  seeker*  Switches  are  shown  with 
data  sampling  rates  covering  the  respective  ranges  of  all  three 
c I asses  of  m Iss  i I e . 


| 

r'ccf.'WAHLi  "1_  _ _ _ _ - - , 


I - J 


Figure  126  Sampled  Data  Missile  Guidance  and  Control  System 

Block  Diagram 

Body  motion  loops  encompass  the  missile  planar  stability 
and  control  loops  (i.e.  autopilot)  and  target  seeker 
gimba * led-platform  stabilization  loops.  The  aaxiaum  allowable 
computational  delay  for  such  loops  has  been  determined  through 
simulations  (suosection  5.41  to  be  O.B  msec  for  Class  1 missiles 
and  0.6  msec  for  Class  II  and  111  weapons. 
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However,  functions  can  be  computed  on  an  individual 
control  channel  basis  (i.e.,  pitch,  roll,  yaw)  with  a certain 
degree  of  time-skew  between  channels,  such  that  pitch  channel 
functions  can  be  computed  and  then  the  roll  channel,  and  fin 
commands  output  to  the  corresponding  fin  control  actuators  (fin 
nos.  2 and  4),  followed  by  the  yaw  channel  mixed  with  the  roll 
fin  command  for  fin  nos.  1 and  3,  as  illustrated  In  Figure  129. 


AOr*3i 

/.  OAT  A *AMHJN6/uAMrt  tATl% 

S TUBtN*  C OMAAAMb  fifth  *> 

600V  ACCtlLtATKW  L1m)x  23 O * 
bOOt  RATI  (CbOi  500  *1 

2,  te  - COmPUTATfONAL  TtMl  U LAY  (> 0-6/04  Mbit.  FOR  CiAbt  l)M  > JZT  (TV) 


Figure  129  Control  Channel  Computational  Time  Skewing. 


No  degradation  of  missile  performance  occurs  for 


time-skewing  within  the  limits  shown  in  the  figure.  This 


characteristic  can  therefore  be  used  to  advantage  In  single 


cosputer  systems  where  channel  functions  must  be  computed 


sequentially  with  resulting  real-tlse  skew  between  fin  commands. 


Guidance  or  steering  loops  involving  target  honing 
command  generation*  using  on-board  target  sensors  or* 
alternatively*  a command  data  link*  require  considerably  loner 
data  sampling  rates*  compared  to  the  body  motion  loops*  and  the 
allowable  computational  delay  is  correspondingly  greater  i.e.  20 
msec  approximately. 

6 • 2 M.0L 

Taxing  into  consideration  the  above  system  time  delay 
constraints  and  the  operation  counts  given  in  Section  4 of  this 
report  and  the  Phase  1 Final  Report*  worst-case  throughputs  and 
associated  instruction  mixes  have  been  determined  for  each  major 
function  and  as  a composite  load  using  the  following 
relationships: 

Throughput  (Kops)  ■ Ui-t-lU 3M1 

Tc 

Mix  U)  « 100. N 100. h 103  ( N ♦ 0.3N) 

142  

N ♦ 0.3N  N « 0.3N  N ♦ 0.3N 

dhere*  N - Total  number  of  c r i t ica I -path  computer 

operations*  regardiess  of  type*  as  given  In 
Section  <•. 

?c  - Allowable  computational  delay  in 
mi  1 1 i seconds . 

N. /s  - Number  of  add  and  subtract  operations 
\[/D  - Number  of  multiply  and  divide  operatons. 

' - Number  of  oemory  to  register  toad  and  store 

L/S  operations. 

As  stated  earlier*  the  program  module  instruction  counts* 
given  in  the  computer  requirements  tables  of  Section  4*  are 
increased  by  30*  when  converting  to  kops  and  associated 
Instruction  mixes*  to  allow  for  the  additional  short  operations 
necessary  to  achieve  a fully  operational  program. 
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6.2.1  daiai_£i;0£iiiu>s 


Tables  48  through  60  list  all  major  missile  functions  and 
tne  corresponding  throughput  and  Instruction  six  requirements  for 
eacn  missile  class.  Functions  have  been  segregated  Into  body 
motion*  steering  and  satellite/support  categories  in  accordance 
witn  the  basic  system  timing  constraints.  Sensor  signal 
processing  loads  are  given  for  the  radar  clutter  acquisition  mode 
and  the  target  track  mode  since*  althougn  the  former  Is  not  used 
in  the  missile  steering  function*  it  nevertheless  entails  the 
greatest  number  of  computer  operations  and  highest  throughput 
compared  to  all  other  sensors  and  modes. 


WORST-CASE  THROUGHPUT  REQUIREMENTS 


lit  MAJOR  FUNCTION) 
CLASS  I IRAK. I MISSILE 


MAJOR  FUNCTION 

NO.  OF  OPERATIONS 

COMPUTATIONAL 
OELAV  laaac) 

(11 

THROUGHPUT 
IKOPS I 

I 1 

INSTRUCTION 

MIX 

iaoi.iQiiCUu.il  iiiLixi 

LQQE.il 

o..m 

Haa«1  Control  IS1) 

101 

13/15/72 

Autopilot  1 A 1 ) 

71 

0..  "> 

l7/*/71 

ULLlll(i_U)QR 

Signal  Procaaalng' 
ISP-3, SP-l.SP-l, 
SP-10,  SP-20) 

70,137 

112,7)7) 

SO.O 

1,12* 

11/11/  5 
11 R/S/77 1 

Signal  Procaaslny 

ISP-fc,  SP-U.  SP-11,  SP-I5, 

SP-17.  SP-11,  sp-m 

11#573 

ll.flJ! 

20.9 

r.2RS 

11/11/73 

(32/1/12) 

Eat laatlen  III  1 

IS* 

11/21/10 

d 

GulOanca  I Cl) 

10 

13/25/12 

UULLilUiUEEQll 

Talaaatry 

SO 

1.0 

11.) 

0/0/100 

Fusing 

11 

20.0 

0.* 

11/5/71 

iaif.li 

U)  InciudM  )Ot  d«  t lorn  i anort  aparitlana  far  aulrautina  IlnWagaa  ana  athar  alacal  lariaaua 
avarnaad  aparatlona. 

(1)  Una  C Hanna  I 
13)  luo  C Hanna  la 

!*>  I Radar  ctuttar  loaulaltlon  noda  INlaallt  Tartat  Acaulaltlan  Sulaada),  tan  5 Mac  Malta. 
IS)  Raaar  Ta'gat  TncR  Moda  iniaalia  Tarninal  Mia) 

I I 


altnout  Ml  Spactrun  Analysla 


TAflE  49 


MURST-CASE  THROU GHPUT  REQUIREMENT  S 
If V MAJOR  FUNCTION) 

CLASS  It  (MAX. I MISSILE 


MAJOR  FUNCTION 

NO.  OF  OPERATIONS 

COMPUTATIONAL 
OELAV  laaac) 

(1) 

THROUGHPUT 
(Kopa 1 

INSTRUCTION 

MIX 

UMl-iQUaiUilAMlLm 

Loatii 

o..m 

io,.*1*’ 

m.,'” 

t 

H*ad  i antral  ISil 
Auteal lot  1 A 1 • A?) 

101 

112 

15/15/72 

15/15/72 

ilEt.iiMla.L3QR 

* 
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Dae  to  the  time  multiplexing  of  all  missile  functions  in 
the  single  computer  case*  the  determination  of  worst-case 
throughput  entails  the  following  preliminary  design  steps. 

1)  Mission  time  line  analysis 

2)  Critical  path  determination 

feUss-Lon-IAma-Lina-Analysis  - Time  line  analyses  have  been 
performed  to  determine  the  worst-case  function  mix  during  the 
flight  path/mission  of  each  missile  class*  The  results  of  these 
analyses  were  used  to  define  the  missile  mode  supervisor  programs 
described  in  Section  4*6.  Figures  130*  131'  and  132  are  function 
time-line  diagrams  for  the  three  missile  classes  respectively* 

Sucn  diagrams  show  function  activity  on  a coarse  timing 
basis*  In  terms  of  throughput*  reference  to  Tables  48*  49  and  SO 
snows  that*  despite  the  greater  number  of  functions  being  active 
in  me  missile  Terminal  Mode*  the  radar  sensor  signal  processing 
throughput  requirement  for  clutter  acquisition  far  exceeds  the 
aggregate  tnroughput  of  all  other  functions*  However*  without 
radar  signal  processing*  ;he  missile  Terminal  Node  represents  tne 
most  complex  mode  for  single  computer  guidance  and  contrcl 
systems • 
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Figure  13 0 Function  Time  Line  Diagram  - Class  1 (Max.)  Missile 
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Figure  131  Function  Time  Line  Diagram  - Class  11  (Max.)  Missile 
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Figure  132  Function  Time  Line  Diagram  - Class  111  (Max.)  Missile 


CLillcal.Ealti-Deiai.mliiaXJ.fiG  - To  determine  the  peak 
throughput  for  a single  computer  system*  a fine  titling  analysis 
has  performed  using  the  100  msec  steering  loop  sampling  interval 
and  the  Terminal  Mode  function  mix  for  each  missile  class* 

Figures  133,  134  and  135  illustrate  the  distribution  of 
processing  functions  over  the  100  msec  interval  which  is  divided 
into  2 or  <*  msec  minor  intervals  depending  on  the  highest  data 
sampling  rate  used  for  the  missile  body  mot lon/stabi Mty  loops* 
Functions  pertaining  to  the  latter  are  completely  executed  during 
each  minor  interval  subject  to  the  additional  computational  delay 
constraint,  and  the  remaining  functions  are  assumed  to  be 
partially  executed  witnin  each  minor  interval  until  completion 
witnin  a specific  multiple  of  such  intervals  according  to  the 
system  timing  constraints* 
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Figure  133  Function  Multiplexing  lor  Single  Computer  Systems* 
Terminal  Mode*  Class  i IMax.)  Missiles 
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Figure  L34  Function  Multiplexing  for  Single  Computer  Systems* 
Terminal  Mode#  Class  11  IMax.)  Missiles 
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Figure  135  Function  Multiplexing  for  Single  Computer  Systems* 
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Tne  critical  path  or  timing  interval  occurs  when  the 
signal  processing  functions  are  Included  in  each  100  msec  major 
interval.  Since  the  allowable  computational  time  delay  for 
signal  processing  and  associated  estimation  and  guidance 
algorltnms  is  limited  to  20  msec  it  Is  Important  to  minimize  the 
throughput  burden  due  to  other  functions  during  this  Interval. 
Hence*  in  Class  I missiles*  the  state-prediction  portion  of  the 
fixed-gain  guidance  filters  Is  executed  before  the  critical  path 
period  and  only  the  filtering  of  boreslght  error  signals  Is 
performed  within  the  20  msec  period.  Similarly*  for  Class  II  and 
ill  missiles*  the  Kalman  filter  algorithm  ff.3)  is  divided  into 
two  parts*  the  first  part  containing  preparatory  functions*  using 
data  computed  during  the  previous  major  interval*  such  that  the 
critical  interval  is  devoted  to  executing  algorithms  which  depend 
entirely  uoon  current  target  tracking  data. 
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Tables  51  through  53  summarize  the  worst-case  throughout 
requirements*  (including  30%  contingency)*  for  single  computer 
systems  by  missile  class  for  missile  Acquisition  and  Terminal 
Modes  respectively* 

TABLE  51 

WORST  CASE  THROUGHPUT  REQUIREMENTS 
FOR  SINGLE  COMPUTER  SYSTEMS 
CLASS  I (MAX.)  MISSILE 

(1)  (1) 
THROUGHPUT  INSTRUCTION 


MISSILE  MODE 

FUNCT IONS 

( Kops) 

MIX 

(2) 

Acqu i s it  1 on 

All 

1854 

16/10/74 

W/0 

F FT 

357 

17/4/79 

W/0 

FFTCP01 

58 

19/2/79 

(3) 

Ternlrul 

A 1 1 

1376 

16/11/73 

w/0 

FFT 

191 

20/8/72 

NOTES 

(1)  Includes  3o*  additional  short  operations  for  subroutine 
linkages  and  miscellaneous  overhead 

operations  to  achieve  operational  prograa* 

(2)  Average  throughput  over  a 50  msec  interval  fl*e«»  ten  5 isec 
dwe l Is) 

(3)  Average  throughput  over  a 20  msec  interval* 
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TABLE  52 


HORST  CASE  THROUGHPUT  REQUIREMENTS 

FOR  SINGLE  COMPUTER  SYSTEMS 

CLASS  II  (MAX. I MISSILE 

(X)  (1) 

THROUGHPUT  INSTRUCTION 


MISSILE 

MODE 

FUNCTIONS 

( KOpS) 

MIX 

All 

9691 

16/10/74 

(2) 

Acqu is  it  1 dn 

M/O 

FFT 

1787 

18/4/78 

M/0 

F FTC  PD  1 

290 

23/4/73 

Tormina 

.2 (3) 

All 

2420 

15/11/74 

M/0 

FFT 

443 

16/11/73 

NOTES 

(1)  Includes  30%  additional  short  operations  for  subroutine 
linkages  and  miscellaneous  overhead  operations 

to  achieve  operational  program. 

(2)  Average  throughput  over  a 50  msec  interval  (l.e.  ten  5 msec 
dwe  Ms) 

(3)  Average  throughput  over  a 20  msec  interval. 
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TABLE  S3 


HORST  CASE  THROUGHPUT  REQUIREMENTS 
FOR  SINGLE  COMPUTER  SYSTEMS 
CLASS  111  (MAX.)  MISSILE 

THROUGHPUT  (1)  I NSTRUCT ION (1) 


MISSILE  M30E 

FUNCTIONS 

(Kops) 

HIX 

- . (2) 
Acqj I S i 1 1 on 

A 1 1 

19,748 

16/10/74 

»/0 

F F I 

3,941 

18/5/77 

w/u 

FFUPOI 

946 

22/7/71 

Terminal ^ 

A 1 1 

2782 

16/11/73 

k/0 

FFT 

60S 

17/12/71 

NOTES 

Cl)  Includes  30*  additional  short  operations  for  subroutine 
linkages  and  Miscellaneous  overhead  operations 
to  achieve  operational  program 

(2)  Average  throughput  over  a SO  nsec  interval  (i»e*»  ten  S 
duel  is) 

C 3 ) Average  throughput  over  a 20  nsec  interval 


nsec 
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Figures  136  and  137  are  plots  of  worst  case  throughput 
versus  missile  class  with  and  without  the  radar  signal  processing 
loads  respectively. 
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Figure  136  Worst-Case  Throughput  vs  Missile  Class  for  Single 
Computer  Systems*  Including  Radar  Signal  Processing 


Figure  137  Worst-Case  Throughput  vs  Missile  Class  for  Single 
Computer  Systems*  Acquisition  Node*  Without  Radar  Signal 

Processing 
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Aa4.1iib&  - iince  the  add  time  Is  a fundamental  performance 
Indicator  for  a genera  I -purpose  computer * coupled  with  the  ratio 
of  multiply  to  add  timet  the  composite  operations  counts  and 
associated  instruction  mixes  for  the  single  computer  case  have 
been  transcribed  to  provide  a choice  of  multiply/add  ratio  within 
the  bounds  of  the  required  worst-case  throughputs. 

Figure  13b  through  140  provide  multiply/add  vs  add  time 
plots  for  each  missile  class  and  for  composite  throughput  rates 
with  and  without  radar  signal  processing.  Add  or  multiply  time 
refers  to  an  instruction  fetch*  operand  fetch*  (i.e.«  addend  or 
multiplier*  both  from  main  memory)  and  instruction  execution  with 
respect  to  the  existing  r.n'tants  of  the  accumulator*  II  • e • * 
augend  or  multiplicand). 


Figure  lie  Computer  Hultiply/Add  lime  Ratio  vs  Add  Times  - 
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Figure  139  Computer  Multiply/Add  Ting  Ratio  vs  Add  Tine 
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Tables  54  through  56  present  the  worst-case  memory 
requirements  for  each  of  the  three  classes  of  missile*  by  major 
function*  and  in  terms  of  program  (ROM)  * real-time  data  (RAM)* 
and  constants/ tab le- I ook  up  data  (ROM)*  to  provide  flexibility  in 
computer  and  memory  design  techniques. 

For  single  computer  systems*  composite*  worst-case  memory 
requirements  are  given  in  Table  57  for  each  missile  class. 

As  stated  in  Section  4*  all  program  memory  requirements 
given  in  the  tables  include  30*  additional  instructions  for 
subroutine  linkages  and  other  miscellaneous  overhead  operations 
necessary  to  achieve  a completely  operational  program. 
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TABLE  54 


WORST  CASE  MEMORY  REQUIREMENTS 
t BY  MAJOR  FUNCTION) 

CLASS  I (MAX.)  MISSILE 


DATA  MEMORY 

FUNCTION  PROGRAM  MEMORY  (ROM)  (RAM)  (ROM) 


Heao  Control 

84 

Autopi 1 ot 

LI  6 

Signal  Processing 

975 

Estimation 

143 

Guidance 

52 

Fuz i ng 

46 

Te lemetry 

50 

Test 

281 

Utilities 

312 

*Modd  Control 

280 

TOTALS 

2339 

NOTES: 

* For  single  computer  systems 


26 

10 

5G6 

12 

7 

6 

53 

29 

68 


16 

8 

150 

36 

4 

4 


50 


617  268 
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TABLE  55 


TABLE  56 


WORST-CASE  MEMORY  REQUIREMENTS 
(BY  MAJOR  FUNCTION) 

CLASS  III  (MAX.)  MISSILE 


PROGRAM  MEMORY  DATA  MEMORY 


FUNCTION 

i ROM ) 

(RAN) 

C ROM ) 

Head  Control 

449 

62 

359 

Autop 1 1 ot 

1 222 

96 

1222 

Signal  Processing 

975 

5510 

150 

Est I mat  ion 

2610 

71 

- 

Gu i dance 

354 

40 

- 

Attitude  deference 

494 

111 

58 

Te 1 emet ry 

50 

71 

- 

Fuzi ng 

184 

3 

7 

Test 

561 

57 

83 

Utilities 

4 26 

127 

- 

»rtode  Control 

629 

- 

- 

TOTALS 

7954 

6148 

1726 
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TABLE  57 


TOTAL  MEMORY  REQUIREMENTS  FOR  SINGLE  COMPUTER  SYSTEMS 


MISSILE 

CLASS 

PROGRAM 

MEMORY 

(RUM) 

DATA 

ROM 

MEMORY 

RAM 

TOTAL 

DATA 

MEMORY 

TOTAL 

MEMORY 

I 

233* 

268 

817 

1085 

3424 

11 

4536 

754 

3278 

4032 

8568 

111 

7954 

1716 

6L48 

7874 

15,828 
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7.  MODULAR  COMPUTER  DEFINITION 


In  order  to  deline  the  modular  computer  architecture  and 
preferred  software  characteristics  capable  of  supporting  the 
entire  range  of  missile  functions  and  configurations  analyzed  in 
the  previous  sections  of  this  report  and  the  Phase  1 Final 
Report,  while  incorporating  growth  features  to  accomodate 
performance  and  tecnno I og i ca I improvements  throughout  the  life 
cycle  of  a missile  system,  computer  design  requirements  must  be 
broadened  to  include  the  latter  and  other  important  system  design 
considerations  in  addition  to  the  throughput  and  memory  § 

leqjirements  given  in  the  previous  section. 

Although  programmable  digital  techniques  have  been  shown 
to  offer  improved  performance  and  greater  flexibility  tnan 
traditional  hardwired  analog  implementations,  the  direct 
substitution  of  a single,  real-time,  general-purpose,  digital 
computer  to  perform  the  on-board  guidance  and  control  task  does 
not  provide  an  optimum  solution  in  many  cases.  While  throughput 
could  be  satisfied  for  all  missile  types  with  a single, 
hign-per f or mance , mini-class  computer  and  a dedicated, 
special-purpose,  sensor  signal  processor,  an  excessive 
performance  margin  results  in  Class  I and  11  missiles.  Also  the 
centralization  of  a single  standard  computing  unit  presents 
form-factor  incompatibilities  across  the  range  of  missiles, 
together  with  a poor  electrical  interface.  In  addition  to  the 
latter  deficiencies,  peculiar  to  the  missile  application,  design, 
asseibly  and  checkout  of  major  missile  sections/functions  It. 9., 
seeaer,  guidance,  autopilot,  attitude  reference, 
umpi l i ca l/command-l I nk  interface,  warhead  fuzing)  as  completely 

372 


V 


operational  modules  Is  not  possible  with  a central  computer 
design  approach. 

i 

In  the  light  of  the  above  preliminary  observations  and 
to  achieve  a more  balanced  design,  the  following  al I -I nc lus i ve 
criteria  were  established  for  this  study  task: 

1.  Missile  form  factors,  design,  construction  and  test 

2.  System  growth  to  accommodate  performance  and 
technological  improvements  without  major  redesign 

3.  Mlssiie  subsystem  and  avionics  interfaces 

4.  Computer  loads,  function  antonomy  and  input-output 
t r a f f i c 

5.  Available  computers,  components  and  latur e/proven 
architecture  I features 

6.  Avionics  software  experience. 

Such  a comprehensive  top-down  approach  to  the  problem 
ensures  a more  practical  modular  design  specifically  for  missile 
applications  and  provides  a greeter  degree  of  flexibility  for  the 
missile  system  designer. 

7 • I liS&iJe.LOt  B-£a£lflL34~U*£iOQ*-C£nsltUC.liQD.iad-lftSl 

7.1.1  tQLm_taciQi3 

Since  the  missile  presents  a unique  form  factor 
situation  for  tne  packaging  of  guidance  and  control  components* 
profiles  and  dimensions  of  missiles  representative  of  the  tnree 
generic  classes  discussed  in  this  report  were  reviewed  (Figure 
1411.  Body  diameters  typically  range  from  5 in/12.7  for  Class  1 
missiles*  to  8 in/20.3  and  11  in/28cm  for  Class  II  l 111  missiles 
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respectively.  The  functional  partitioning  and  arrangement  of 
major  component  parts  in  tandem  along  the  longitudinal  axis 
becomes  a design  prerequisite  in  each  case  due  to  the  rigid 
constraints  of  the  fundamental  air  vehicle  design. 


Figure  141!  Air  to  Air  to  Air  Missile  Fora  Factors 
Modularity  and  Packaging  Constraints 

7.1.2  lisslla.Oaslgo.aod  .JlaouiactuLe 

Missile  sections  l.e.»  radome*  seeker  , warhead* 
autopilot/fins*  propulsion  unit  and  tail  are  designed* 
manufactured  and  tested  as  indiviuda!  assemblies  before  final 
asseibly  into  a complete  missile. 
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7.1.3 


Aissil*-aaini*nao£a_E&il03aii&y 


In  a similar  manner  to  the  design  and  manufacture  of 
missiles*  within  Navy  maintenance  levels*  guidance  and  control 
sections  are  given  a go  no-go  check  prior  to  asseabiy  to  the 
warhead  and  motor  sections  in  the  carrier  electronic  workshop 
(Intermediate  Level).  Faulty  sections  are  replaced  with  a 
substitute  section.  Oefective  sections  are  returned  to  Overhaul 
and  Repair  shops  at  shore  depots  (Depot-Level)  for  corrective 
action. 

7.1.4 

The  choice  of  a single  central  computer  system  versus  a 
federated/distributed  microcomputer  system  has  important  system 
modularity  and  interface  implications  in  the  context  of  the  above 
missile  form  f actor , design*  manufacture*  test  and  laintenance 
considerations*  as  illustrated  in  Figure  142. 


Figure  142  Single  Computer  vs  Federated/Oi str touted  Micro- 
computer within  Missile  Form  Factor  and  Modular  Assevbly 

Constraints 
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The  federated/distributed  computer  system  supports  the 
traditional  subsystem  autonomy  of  seeker*  fuze  and  autopilot  and* 
in  addition*  allows  telemetry  to  be  included/deleted  without 
involvement  in  the  operational  software  as  in  the  case  of  the 
single  computer  system* 

Similarly*  system  growth  would  be  more  straightforward 
if  a complete  seeker*  guidance*  autopilot  or  fuze  assembly  could 
be  replaced  with  an  improved  version  without  upset  to  the 
remainder  of  the  system*  The  follow^tg  subsection  explores  this 
aspect  of  system  design  more  fully* 

Table  58  shows  the  application  of  the  various  guidance 
and  control  function  program  modules  defined  in  the  Phase  I Final 
Report*  by  missile  class* 

The  implication  of  changes  in  module  complements  for 
eacn  missile  class  from  a growth  aspect  is  shown  in  Table  59* 
where*  performance  improvements  are  correlated  with  actual  modulo 
additions  and/or  deletions  for  each  major  function*  Including 
those  addressed  in  the  Phase  II  Study* 

7*2*1  iiogift-tarngulaL-lyalAia.. 

For  single  computer  systems*  growth  entails  additions 
and/or  deletions  to  the  computer  software*  and  this  in  turn 
demands  a high  degree  of  software  modularity  and  discipline  in 
tne  software  generation  and  documentation  process*  since 
estimated  program  sizes  range  from  2K  to  OK  words  over  the  three 
ml ssi le  classes* 
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In  addition,  provisions  should  be  made  to  instail  a 
higher-performance  computer  to  accommodate  the  increase  in 
throughput  while  at  the  same  time  stipulating  that  software 
written  for  the  lower  performance  missile  computer  be  portable 
and  run  on  the  higher  performance  machine  without  major  software 
redesign. 

7.2.2  Ladax.almdZQl3lLi.bulad-Cotftuiat  .Syslsms 

Growth  In  federated/distributed  computer  systems  could 
be  supported  by  the  assignment  of  a medium-performance 
microcomputer  to  each  major  missile  section,  (e.g.,  seeker,  fuze, 
autopilot),  subject  to  further  computer  system  partitioning 
considerations  (Section  7.31,  such  that,  growth  would  be  confined 
to  physically  modular  missile  sections. 

Program  sizes  for  major  missile  functions  are  modest, 
e.g.,  for  Class  1/11/IIie  Autopilot  - 116/336/1222  woros,  Head 
Control  - 86/272/649  words  rasp.,  which,  coupled  with  the 
pnyslcal  separation  from  other  functions,  aids  software 
modularity  and  documentation.  Further,  with  the  exception  of 
radar  signal  processing,  throughput  remains  below  320  Hops  for 
each  major  function  from  Class  i (min.)  through  to  Class  111 
(max.)  missile  systems. 
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7.3 
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While  an  on-board  missile  system  is  virtually 
se 1 1 -cortai ned*  its  connection  to  the  carrier  aircraft  weapons 
control  system  (AWCS)  via  the  umbilical  cable  before  launch  and 
via  a radio  frequency  command  link  during  flight*  in  the  case  of 
Class  III  missiles*  impacts  both  on  the  electrical  interface  and 
tne  design  of  the  missile  guidance  and  control  system  as  an 
extension  of  the  avionics. 

Avionics  system  integration*  from  both  hardware  and 
software  aspects*  has  undergone  critical  evaluation  and 
development  during  the  past  2 years*  through  such  programs  as  the 
Digital  Avionics  Information  System  CDAISi*  Refs.  R.4*  k.5»  with 
tne  resulting  specification  of  a standard*  digital*  tis»e- 
division*  command/response*  multiplex  data  bus  and  associated 
standard  terminal  modules*  fHlL-$TD-1553A»  30  April  1975)* 
together  with  tne  on-going  definition  of  a standard  higher-order 
programming  language  (01*0-1*  Ref.  R.6). 

Whereas  these  developments  would  a of  little 
significance  to  existing  anstog  missile  guidance  and  control 
systems  employing  a multi-wire  discrete  Interface  with  the  AWCS* 
(Figure  1<*3),  their  importance  to  the  design  of  future  digital 
missiles  is  particularly  noteworthy. 
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Figure  143  Avionics-Missile  umbilical  Interface  - Analog  Missile 

System 


7.3.1  AKiJLDi£&-LDlfi£l&&£ 


The  use  of  a single-wire,  ser i a I -d ig i ta I (or  two-wire 
redundant)  umbilical  connection  to  the  AWCS  for  the  transfer  of 
all  missile  Initializing  and  test  commands  and  data  can  achieve 
up  to  two  orders  of  magnitude  reduction  in  number  of  umbilical 
wires.  Further  the  adoption  of  the  Mii-STD-1553  interface  would 
provide  an  additional  cost  reduction  tnrouyh  the  use  of  a 
standard  terminal  unit(s)  in  the  missile.  Figure  144  illustrates 
tne  compatibility  of  a digital  missile  with  an  avionics  system 
using  tne  1553  oata  bus  concept.  Interface  could  be  provided 
eitner  to  eacn  major  function  computer*  in  the  case  of  federated/ 
distributed  computer  configurations*  or  alternatively*  to  a 
single  central  computer.  The  federated  system  would  afford 
direct  access  to  each  major  section  of  the  missile  for  test  and 


maintenance  purposes 


7 • 3 • £ 


& i s si  1*  . ufe  JL&q  _ 1q1&  t i axa 


Since  digital  missile  guidance  and  control  systems  are. 
In-effect,  pilot-less  avionics  systems  without  displays,  and  are 
notably  more  similar  in  the  case  cf  Class  111  missiles,  the 
adoption  of  the  1553  interface  between  missile  subsystems 
together  with  digital  avionics  system  design  practices  becomes  a 
serious  consideration  in  missile  computer  system  design*  Testing 
major  missile  subsystems/sections  would  be  via  a common,  simple, 
digital  interface  resulting  in  greater  standardization  of  test 
equipment  and  a reduction  in  system  life  cycle  cost. 


UMBILICAL 

MUX 


major  miss  at  Subsystems/ sect  jo/ts 


L£GE//b- 

BCZU  - BUS  CONTROL  WEUTACl  UNIT 
2 TU  — REMOTE  TERMINAL  UNiT 

figure  1<»4  Avionics  - Missile  MJL-5TD-1553  Umbilical 
Interface  * utgital  Missile 
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7 . 4 Caffi&ul&c.Laad  s*_EunctiOD_Aulaaaii*_&ad.lx)aut=QLLt&ul 

liailiu 

Based  on  the  system  timing  constraints  discussed  in 
subsection  6.1  and  the  computer  loads  given  by  major  function  and 
in  totum  in  6*2  and  6.3*  the  compatible  implementation  of 
federated  and  single  central  computer  systems  is  subject  to  tne 
fol lowing  throughput  and  input-output  interface  considerations* 

7*4*1  Ead&£&iftd£aisXxibiiXad_CoMuXei_£^iams 

For  f eoerated/dl str I buted  computer  systems*  the  most 
logical  separation  of  primary  missile  guidance  and  control 
functions  is  into  the  three  semi -autonomous » functional  groups 
I isted  below: 

Group  1 Steering  Command  Generation 

Group  11  Seeker  Head  Stabilization  and  Control 

Group  ill  Hlssiie  Stabilization  and  Control 

I I . #.  Autopi lot) 

Figure  145  illustrates  the  above  partitioning*  observing 
the  system  sampling  rates  and  allowable  computational  delays* 


Figure  145  Missile  System  Function  Autonomy 


Additional  supporting  functions  with  the  same  degree  of 
autonomy  and  simple*  low-speed*  input-output  interface  are: 

1)  Attitude  Reference 

2)  Fuzing 

3)  Telemetry 

7 .4 . 1 . 1 iteei.log_LomBaad-LeQaiat.Ua 

The  results  of  sensor  signal  processing*  radome 

compensation  and  estimation*  as  tandem  functions*  are  used  for 

seeker  head  stabilization  and  control*  (viz:  c and  )*  and 

— * -L08 

missile  stabilization  and  control*  Cc*u  * R*  & and  a.)*  This 

— - LOS  * 

feature*  together  with  the  low  update  rate  of  10-23HZ  and  small 
number  of  parameters  Involved*  provides  a practical  interface  for 
the  partitioning  of  guidance  and  control  functions  in  federated 
computer  systems. 
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Table  60  lists  the  number  of  computer  operations 
required  for  each  major  function  in  the  steering  command  loop 
(SCI)  and  for  clutter  acquisition.  The  execution  of  all 
functions  in  the  steering  command  loop  is  subject  to  the  20  msec 
overall  computational  time  delay  constraint  as  determined  in  the 
simulation  analyses.  Honever * due  to  tne  time  required  for  data 
collection  from  the  radar  receiver*  the  time  available  for  sensor 
signal  processing*  radome  compensation*  estimation  and  guidance 
is  reduced.  The  allotment  of  time  to  individual  functions  is 
subject  to  the  performance  of  candidate  computer  configurations 
as  discussed  in  the  following  section. 
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Since  both  seeker  and  missile  require  stabilization 
against  body  motion  using  dedicated  9imbal  and  body 
instrumentation  respectively*  sampled  at  the  higher  sampling 
rates  U2*>-5QOHz)*  and*  furthermore,  since  the  stabilization 
process  is  highly  repetitive*  the  dedication  of  a separate 
computer  to  each  task  would  be  both  convenient  and  practical. 

Each  of  these  stabilization  and  control  computers  would  then 
receive  steering  commands  on  a more  quasi  - static  basis* 
(13-20HZ)*  asynchronous  to  the  repetitive  stabilization  task. 

Throughput  requirements  for  each  of  the  latter  computers 
are  summarized  in  Table  61. 


TABLE  61 

WORST-CASE  COMPUTER  THROUGHPUT 
REQUIREMENTS  FOR  SEEKER  AND  MISSILE 
STABILIZATION  C CONTROL  LOOPS 


THROUGHPUT  (KOPS)  t INSTRUCTION  MIX 
MISSILE  CLASS 


stabilization  c 

l 

(MAX) 

11 

(MAX) 

111 

(MAX) 

Seeker  neao 

•2.0 

109.  * 

919.6 

( 13/1  S/72) 

113/15/72) 

117/12/71) 

Autopi l ot 

64.5 

262.8 

262.6 

(17/9/7*) 

(15/13/72) 

115/13/72) 

38; 


7.4 .1 .3 


Qf  tne  remaining  supporting  functions*  viz:  attitude 

reference*  autopilot  gain  determination*  fuzing  and  telemetry* 
only  the  latter  two  are  realistic  candidates  for  federation* 
since  attitude  reference  and  autopilot  gain  determination  are 
closely  associated  with  the  autopilot  and  its  data  inputs. 


Attitude  reference  utilizes  many  of  the  autopilot  data 
inputs  (i.e.u  * hi*  and  in  turn*  autopilot  gains  are 
determined  oy  tab  I e- ! ook-up  as  a function  of  Mach  number  and 
angle  of  attack  computed  by  the  attitude  reference  algorithms. 
Hence  these  two  supporting  functions  would  be  best  co-located 
with  the  utop  i lot. 


Warhead  fuzing  time  delay  algorithms  require  few  d|t» 

~ • 

transfers  frou  the  missile  estimation  algorithms  (c  *0  • R * 

MG  M 

t i and  at  a tow  update  rate  (10-29  Hz).  iince  the  fuzing 
go 

system  is  virtually  self-contained*  complete  with  Its  own  target 
sensor*  a separate  processor  for  the  TDu  is  practical  and  the  !ow 
throughput  required  (23.2  Hops  max)  makes  this  function  an  ideal 
candidate  for  a simple  h-HOS  microcomputer. 

Telemetry  is  essentially  a data  gathering  and  formatting 
oparation  using  both  guidance  and  control  data  and  gtneral 
missile  data.  The  former  could  be  obtained  by 
di rect-meior y-access  (DhA)  to  data  stored  in  tne  steering  and 
body  motion  s tap i 1 1 za 1 1 on  and  control  processor  meaories*  while 
tne  latter  would  oe  acquired  direct  from  tne  respective  sensors* 
witn  A-u  conversion  as  required.  Table  tZ  lists  the  throughout 
requirements  for  fuzing  and  telemetry  by  missile  class. 
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TABLE  6 2 


tfURST-CA$t  COMPUTER  THROUGHPUT 
REQUIREMENTS  FOR  FUZING  l TELEMETRY 


THROUGHPUT  (Kops)  l INSTRUCTION  MIX 
SUPPORTING/  MISSILE  CLASS 

SATELLITE  FUNCTION  I II  III 


Fuzl ng 


0.9 

(16/5/79) 


23.2 

(15/21/64) 


20.7 

(16/24/60) 


T • lemet ry 


) 6 .3 

(0/0/100) 


32.5 

(0/0/100) 


32.5 

(0/0/100) 


7.4.2  iiQ6ift-C0ft£Ul*£..i*alM3 


Trtt  execution  of  all  missile  guidance  and  control 
functions  In  a single*  conventional*  ganara t -purpose  computer  Is 
currently  impractical  due  to  tna  High  throughput  rates  required 
for  radar  digital  signal  processing.  Hence  a "mlnlaum  federated 
computer  system**  Is  necessary  wnere  some*  If  not  all*  signal 
processing  functions  are  executed  In  a nigh-speed 
pre-processor! s) • Figure  T46  Illustrates  the  necessary 
evacuation  of  Individual  signal  processing  tasks  froe  tne  single 
GP  computer  uhen  progressing  from  a Class  1 tnrough  to  a Class 
III  missile  system.  In  effect*  more  and  more  of  the  radar  signal 
processing  functions  and*  Indirectly*  the  steering  comeand 
generation  loop*  are  pushed  out  of  the  GP  computer*  In  order  that 
tne  machine  can  handle  the  remaining  body  motion  and  other 
supporting  functions*  (e.g.  fuzing*  telemetry  etc.). 
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f-  i gur  t 146  hintnua  Federated  Coiputtr  Systea  Configurations 

(Single  CP  Coaputer). 


T he  following  sections  address  processors  and  Machine 
architectures  capable  of  supporting  tne  coaputer  loads*  and  hence 
tne  practical  division  of  tne  total  conputing  tine  budget  for 
eacn  Missile  class  as  shown  in  Table  60* 

7,6  C0MAul*i-Load*-*s-Axaila^M/£ioxa&_£0Miiult4.i 

As  indicated  in  the  previous  subsection*  tne  throughput 
capabilities  of  eeistlng  and  proven  conputer  architectures  have  a 
direct  bearing  on  tne  choice  of  coaputer  systea  configuration  to 
support  any  given  worst*case  coaputer  load* 
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In  tni!»  suns#  ;lanv  the  perfornance  characteristics  of 
existing  Mil  Spec.  alnl  ana  alert  gene ra I -purpose  computers  art 
useo  to  deteralne  tnelr  tf fact  I veness  In  executing  tha  functions 
defined  for  fully  fadaratad  coaputar  systaas  md  Mainlaua  - 
fadaratad  systaas**  using  ona  6 P coaputar* 

Since*  as  statad  earlier*  a single  cantral  coaputar 
systaa  Is  not  practical  duo  to  tha  high  throughput  raqulraaants 
laposad  by  radar  signal  processing*  tha  rasultlng  **alnlaua  - 
fadaratad  coaputar  systaa*  all  I ba  consldarad  first  followed  by  a 
totally  fadaratad  systaa. 

7.5.1  Uo*la~6£~Coa*ulai_£**laaa*.itt.liLLaua-£gdaLitad_£xsiaal 

Tab  las  63  through  6S  show  tha  parforaanca  capabllitias 
of  three*  currantly  available*  Mil-Spec.*  alsslla  «l nl coaputar s» 
Pitted  against  tha  worst-case  coaputar  throughput  loads  for  radar 
Cluttar  Acquisition  and  alsslla  Terainal  nodes  respectively,  for 
aacn  of  tna  three  generic  alsslla  classes*  excluding  ffT 
procassing  in  all  cases.  It  can  bo  seen  froa  the  results  and 
conclusions  irdicated  that  a relatively  high-speed  OP  coaputar 
<«Ela*(1  could  accoaaodata  tha  Class  I and  II  throughput 
reqoi r eaentt » excluding  Ffl  and  POI  signal  processing*  while 
providlnq  radar  aoda  control.  However  * In  the  case  of  tha  Class 
III  systea9  til  radar  functions  oust  ba  reaovad  fros  the  single 
OP  coaputar  to  avoid  saturation,  figure  166  Illustrated  this 
throughput  algratlon  in  bloclt  diagraa  fora. 
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The  accommodation  of  tne  excess  radar  signal  processing 
functions*  in  conjunction  with  the  remaining  steering  loop 
algorithms*  using  compatible  processor  architectures*  Is 
tnerefore  discussed  in  the  next  subsection  which  addresses 
federated  computer  systems  design* 
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l/l  I Acquis  I tl  on/Ttff  p|  na  II  nodes  respectively  without  FFT»  but  Including 
POI  for  Acquisition  Mode  (see  Table  51). 
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Based  on  tne  partitioning  rationale  discussed  in 
subsection  7.4.1*  a feasible  federated  missile  computer  systea 
comprises  tne  following  dedicated  processors: 

1.  Steering  Command  Generation 

2.  Seeker  Head  Stabilization  and  Control 

3.  Missile  Stabilization  and  Control  (Autopilot) 

4.  F uz i ng  Time  Delay 

5.  Tele me  try 

Steering  command  generation  entails  the  execution  of 
radar  signal  processing*  radome  compensation*  estimation  and 
guidance  functions  within  a maximum  allowable  computational  delay 
consistent  with  acceptable  miss  distance*  (refer  to  subsection 
5.3.4) • Since  it  has  already  been  shown  that  a conventional  GP 
missile  computer  lacks  the  throughput  capability  to  execute  all 
radar  signal  processing  functions  within  an  acceptable  tine 
delay*  an  analysis  of  the  FFT  operation  is  given  in  the  following 
paragraphs  followed  by  an  overview  of  compatible  machine 
architectures  and  execution  speeds. 

7.5.2.  i taal-Euutibt~lianslax.A-i££ll.EiaceaaiQg 

The  Cooley-Tukey  FFT  algorithm  (Ref.  R.7)  is  executed  by 
repeating  a complex  2-polnt  transform  Iteratively  N/2  Log^  times 
per  range  oin*  thereby  constituting  a major  processing  load  for 
digital  radar  signal  processing.  A description  of  the  FF i 
algorithm  together  wttn  programming  examples  and  hardware 
Implementations  is  given  in  the  following  paragraphs. 
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tta3J£_coolttiriiJhe*_L 1 1 -Ujifii-aiiiiD  - The  basic  operation 
U5)  and  common  denominator  of  the  Cooley-luKey  algorithm  consists 
of  one  addltlont  one  subtraction  and  one  multiplication  involving 
two  data  points  and  a stored  multiplier  - all  of  which  can  be 
eitner  real  or  complex  quantities.  Figure  147  is  a flow  diagram 
illustrating  the  basic  operation  with  complex  data  points  (a+jb 
and  c+jd)  and  multiplier  (x+jy).  The  operation  yields  two  new 
complex  values: 

( a + c ) ♦ j C o ♦ d ) - --  --  --  --  --  --  --  --  Cl) 
and  iX(a-c)  - Y(b-d)i  ♦ j IXCb-d)  ♦ YCa-cl)  (2) 


Tnus»  with  complex  data  points#  the  basic  operation 
requires  the  following  computer  arithmetic  operations: 


Adds:  3 

Subtracts:  3 

Multiplies:  4 


For  N data  points  (N  being  any  power  of  2)  the  basic 

operation  is  repeated  N/2  Log  N times  total  using  original  data 

2 

pairs  and  resulting  pairs  and  folloiwng  an  iterative  process  in 
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accordance  wtih  the  complete  FFT  algorithm  (Figure  148). 

LoapiJl&L.ELoaLamfl  - Programs  to  Implement  the  basic  FFT 
operation  with  complex  data  points  on  both  single  and  three- 
address  machines  are  given  in  Table  66* 

It  Is  assumed  that  all  Input  data  points  are  fully 
buffered  requiring  2N  memory  locations*  although  the  basic 
operation  involves  only  4 of  these  at  a time  plus  an  additional  4 
for  intermediate  results  (scratch-pad  memory).  With  this 
arrangement*  memory  requirements  for  the  basic  operation* 
excluding  input-output  programs  and  Indexing  or  data  sorting 
programs  are  as  follows: 


Lfloallfloa 

IXBB 

Oata  Points 

2N*4 

RAH 

Mul tipi ier  constants 

h 

ROH 

Basic  operation  sub-program 

K (10  or  30) 

ROM 

Commli&la.£El-AlflOli.thm  - Figure  148  is  a flow  diagram 
for  a 16-point  FFT  showing  log^N  iterations  (4)  of  N/2  basic 
operations  lei*  l.e.  32  basic  operations  total* 
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Figure  148  F FI  Algorithm  * Flow  Diagram,  N = 8 

To  use  the  same  sub-program  (Table  66)  for  N/2  log^N 
basic  operations  requires  the  adoption  of  one  of  the  following 
three  data  addressing  schemes: 

1.  Direct  Addressing  (straight-line  programming  - no 
1 ndex i ng) 

2.  Data  sort  I ng/re-order inq 

3.  Address  modification,  through  index  registers 

UiLe£l-A4dtftsai09£HL*iotUrLiQm-£LaoLa.mmiDg  - This  would 
require  tne  same  program  to  be  re-written  M/2  log^N  times  with 
new  addresses  each  time  to  directly  address  tne  required  data 
points  and  multiplier  constants.  Table  67  shows  the  resulting 
program  sizes  for  values  of  H between  16  and  1024,  using  direct 
addressing  compared  to  Indexing  with  a common  subroutine.  The 


inefficiency  of  the  former  scheme  is  self-evident  but  could  be 
tolerable  for  small  values  of  H Kith  currently  avallabiet 
masKed-progr ammedt  semiconductor  ROMs  at  4t  8 and  16  Kbits  per 
LSI  chip* 


Qate,snrtinqy Re-or der lag  - An  alternative  to  the  direct 
addressing  of  data  points  in  each  instruction  is  to  re-order  the 
data  such  that  the  sub-program  for  the  basic  operation  (Table  66) 
addresses  the  same  locations  in  a 10-word,  scratch-pad  memory, 
but  obtains  the  required  pair  of  data  points  and  multiplier 
constant  as  a result  of  an  earlier  sorting  process. 

A significant  speed  advantage  could  be  obtained  using  a 
second  (micro)  computer  as  a pro-processor  to  handle  the  data 
sorting/re-ordering  task  and  overlap  the  2-point  FFT  process 
performed  in  a follow-on  computer. 
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SJA 
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TABLE  67 


FFT  ALGORITHM,  PROGRAM  SIZE,  DIRECT  ADDRESSING/ 
STRAIGHT-LINE  PROGRAMMING  VS  I NDE X I NG/ COMM  UN  SUBROUTINE 


OATA  PROGRAM  SIZE 

POINTS  Direct  Addressing  Indexing 

IN)  Single  3-Address  Single  3-Address 


16 

960 

320 

88 

48 

32 

2,400 

800 

120 

80 

64 

5,760 

1,920 

184 

144 

128 

13,440 

4,480 

312 

272 

256 

30,720 

10,240 

568 

528 

512 

69,120 

23,040 

1,080 

1,040 

1 ,024 

153,600 

51,200 

2,104 

2,064 

utilize  a single,  common  2-point  transform  sub-program  for  tne 
entire  FFT  algorithm  requires  modification  of  subroutine  operand 
aodresse&  and  tne  usual  metnod  of  achieving  tnis  in  a GP  computer 
is  to  utilize  hardware  index  registers  whose  contents  can  be 
added  to  tne  displacement  addresses  contained  in  the  Instructions 
of  the  common  sub-program* 

lOOUlrUulfiul  - For  high-speed  and  a minimum  of  buffering 
and  progranmed  operations  tne  direct  memory  access  ( DMA ) l/Q  is 
tne  most  effective  method  for  block  transfers. 
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Dutputting  of  transformed  data  in  re-ordered  form  could 
be  achieved  in  a similar  manner  to  the  inputting  operation  by 
bit-reversing  tne  counters  for  memory  block  addressing  thereby 
automatically  re-ordering  the  data  to  the  original  sequence* 

Figure  U9  is  a first  level  flow  diagram  of  the  FFT 
program  for  a single  computer, 

Looauitii-CooliaiitaXioos 

Table  bb  lists  the  four  major  computer  configurations 
for  FFT  processing  and  their  relative  execution  speeds  as  a 
function  of  the  number  of  2-Point  transform  arithmetic  units 
employed  Uef.  ft. 8).  Of  these  four  machine  ar chi tectures»  the 
single  sequential  configuration,  as  a minimum  hardware  version* 
is  more  practical  for  on-board  missile  applications*  Furthor, 
tne  ?-Point  transform  arithmetic  "unit1*  could  be  considered  as 
eitner  a fjlt  hardware  implementation  or  a combination  of  more 
simple  hardware  and  supporting  software/firmware  routines*  With 
tnis  latter  concept  In  mind,  both  conventional  CP  computers  and 
tneir  FFT  optimised  counterparts  were  reviewed.  Figure  150 
Illustrates  tne  candidate  computer  configurations  considered  with 
their  respective  performance  capabilities  summarized  in  Table  69* 
using  the  basic  2-point  and  64-point  complex  transforms  as  common 
oencnma rks* 
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Figure  1<#9  FFT  Execution,  Main  Flo* 


TABLE  68 

FFT  PROCESSOR  CONFIGURATIONS  VS  EXECUTION  TIME 


Conf i gyration 


No  . Of  2-P  t Tr  ms  i o . ;n 


Un  i ts 


Single  sequential 
P I on  I me 

Paral lei  iterative 
Ar  ray 


L09iN 

N/2 

S/2  »og2  N 


N/2  I 092  N x b 
\/2  x 6 
lu9^  N x 6 
b 


• * lti»l  i»l  . iUl 


7.5.J.2  Slft&LjtQg.Lofiaaod-U&a&ialXaa 


Kith  a Knowledge  of  what  is  practical  in  terms  of 
computer  types  and  throughputs  versus  the  required  processing 
load*  a tiling  analysis  was  performed  to  determine  the  aost 
effective  load  distribution  between  conventional  GP  and 
FF T/POI -opt tai sed  computer  architectures. 

Figures  151  (A)  and  (6)  are  curves  showing  GP  computer 
throughput  versus  FFT  and  PO 1 - optimised  processor  throughputs 
for  tne  radar  Clutter  Acquisition  and  missile  Track  kodes*  for 
Class  I and  11  L III  missiles  respectively.  The  optimum  design 
points  chosen  for  each  class  are  given  In  Table  70. 


OerUfiL  PuiPOsc  thRou*H*JT  GENtft.HL  PURPOSE  THROUGHPUT  CROP*) 


TABLE  70 


GP  COMPUTER  THROUGHPUTS  i COMPUTE  TIMES 

FOR 

STEERING  CQMMANO  LOOP  (SCL)  L CLUTTER  ACQUISITION  TIME  CRITICAL 

PATHS 


MISSILE  CLASS 

I II  III 


FJNCTION 

*ACQ 

(SCL) 

TRACK 

*ACQ 

(SCL) 

TRACK 

* ACQ 

(SCL) 

TRACK 

FFT 

8.1 

1 .5 

0.192 

PD  I 

3.2 

1 .78 

0.456 

Other  S i g Pro 

1 .6 

3.22 

4.544 

(87.9) 

(278.7) 

(462.7) 

Radome  Compensation 

N/A 

N/A 

N/A 

N/C 

N/A 

N/C 

Estimation 

N/A 

n .9 

N/A 

18.5 

N/A 

19.808 

Gu idance 

N/A 

(167. 3)N  A 

(127.7)  N/A 

(127.8) 

Total  Compjte 

5.0 

20.0 

5.0 

20.0 

5.0 

20.0 

Time  Imbed 
NOTES: 

« One  5 msec  dwe t I 
N/ A Not  aop  t icao le 

N/C  In  the  steering  command  loop,  but  not  in  the  time-critical  path. 
( ) GP  Computer  throughput  requirement  (Kops)t  including  additional 
30t  overhead. 
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ience«  of  the  several  different  types  of  computer 


architecture  ana  associated  F FT  processing  performance  reviewed 
in  Table  69*  two  types  will  provide  the  processing  speeds 
required  to  meet  the  Class  1»  II  and  111  radar  signal  processing 
loads*  namely: 

1)  Single  microcomputer  (bipolar)  with  hardware 
multiply 

2)  Single  microcomputer  (bipolar)  with  2-point  complex 
transform  arithmetic  module 

Due  to  the  high  processing  speed  of  the  above  computers 
and  the  short  processing  time  allowed*  the  remaining  processing 
tasks  associated  with  signal  processing*  estimation  and  guidance 
can  be  accommodated  by  a conventional  gp  computer  with  100*  330 
and  500  Kops  throughput  capability  respectively. 

7.5 .?  .3  aody-Sliiiloo-Siatiility-aod-Cooiifil 

Table  71  applies  the  seeker  head  and  missile  body  motion 
stability  and  control  throughput  requirements  to  an  available 
HI i-Spec. * bipolar*  microcomputer  set*  (Intel  3000-ser ies ) * 
configured  as  a 16-bit  processor,  nihlle  there  is  overkill  in  the 
Class  1 case*  Class  II  and  Class  III  are  well  matched.  This 
shows  that  an  N-MOS  processor  would  be  a better  fit  for  Class  I 
app  1 1 cat  1 ons  • 
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TABLE  ?1 


7 . 5 . 2 . <*  iuftaQLXiDfl/.iai£lliia-f  uD£iiims_i£iiziDsuaod_IelftBEliy 

The  remaining  missile  functions  of  fuzing  and  telemetry 
are  similarly  sized  against  an  available?  MIL  Spec,, 
m i c r ocompat  e r set  (AMU  9080A-2DM)  in  Table  72.  Trots  the  results 
obtained*  based  on  estimated  computer  loads?  a fo-MOS 
microcomputer  with  a software  multiply  routine  matches  the  fuzing 
throughput  requirements  for  Class  II  and  III  missiles  and  has 
overkill  for  Class  1 and  all  telemetry  requirements. 
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7 . 5 . 2 . 5 i£££JDJD&Dda4.££4&i:ala4lUi2llibiil&A.LQ3>QUlfi£-,S¥3i£m 


As  a result  of  the  previous  computer  system  analyses, 
the  recommended  federated/distributed  computer  system  for  missile 
guidance  and  control  is  of  the  form  shown  in  Figure  \5Z. 

Six  microcomputers  (p  C -p  C ),  of  varying  performance 

1 6 

capabilities  are  matched  to  the  respectivev  sem i -autonomous# 
missile  functions  which  in  themselves  follow  the  physical 
partitioning  of  major  missile  functions  for  design,  manufacture, 
test  and  maintenance. 


Tne  body  motion  stabilization  and  control  processors 

(pi  and  }£  ) are  colocated  with  their  respective  sensors  and 
3 3 

actuators  and  execute  the  control  loop  functions  in  an 
uninterrupted  cyclic  manner. 

A 2-wire,  serial  digital  multiplex  bjs,  as  defined  in 
SI t-iTD-1553A , forms  the  interface  between  all  microcomputers  and 
the  carrier  aircraft  AWCS  computer. 

Before  launch  the  AWC5  computer  controls  tne  missile 

microcomputers  via  a BC1U  to  subordinate  microcomputer  RTUs. 

(The  BC IU  of  microcomputer  no.l  (PC  ) functions  as  an  RTU  during 

1 

tne  prelaunch  mode.  Ref.  R .9  para  3.1)  . 


COMPUTE,  e 


Figure  152  Recommended  Federa ted/D i str ibuted  Microcomputer 


After  launch*  the  body  motion  stabilization  and  control 


computers  (PC  andP  C J receive  appropriate  steering  and  g 
commands  from  microcomputer  no.  1 (pC  ) asynchronously  at  the 
low-frequency*  10  to  ^0  Hz*  update-  rate.  Input  ot  these 
parameters  is  by  direct-memory-access  to  pt^and  pC ^ memories 
after  serial  to  parallel  conversion  by  their  respective  5DI& 


modules.  The  fuzing  computer  ( pC M)  receives  its  input  data  in  a 

4 

s i mi  I a r manner  • 


Steering  command  generation  is  accomplished  with  a 
hign-speed  microcomputer  (pC^I  performing  the  FFT/Pul  functions 
under  tne  control  of  a medium-speed  microcomputer  ( yC ^ ) which 
also  executes  radar  mode  control*  post-processing,  radome 
compensation*  estimation  and  guidance  functions*  all  within  tne 
maximum  allowable  computational  delay  for  steering  command 
gener  at  Ion. 


Pre-processed  radar  data  is  transferred  from  pC^  to  pC^ 
across  a parallel  DSA  I/O  interface  at  the  end  of  each  dwell  or 
series  of  dwells*  as  in  the  case  of  the  clutter  acquisition  mode. 


For  missile  flight  tests*  the  warhead  section  and 

associated  microcomputer  (pC^)  * is  replaced  by  a telemetry 

package  and  dedicated  microcomputer  (pC  ).  Tne  telemetry 

o 

computer  and  its  associated  RTU  operate  as  a bus  monitor  for 
digital  data  garnering,  with  the  additional  analog  test  data 
being  input  via  an  analog  mul t i p I exer / A-D  converter  (ADAC)  I/O 
modu I e • 
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Fuzing  and  telemetry  are  handled  by  separate 
CPJ-on-a-ch ip  type  medium/ low-speed  microcomputers. 

both  the  launcn  aircraft  and  test  equipment  have  direct 
access  to  each  microcomputer  via  the  common  bus, 

(e.g.  HI t-$ TD-1553) , enabling  fault  isolation  to  the  major 
subassemb I y I eve  I . 

7 • 6 lodulAL-Comoul^x-fiaiioiliDO 

The  available  mini  and  microcomputers  evaluated  in  the 
context  of  missile  guidance  and  control  system  requirements, 
wniie  supporting  the  respective  computer  loads,  lack  common 
modularity  features,  and,  even  more  important  they  lack  a common 
programming  language.  These  two  deficiencies  constitute  major 
drawbacks  for  low-cost,  modular  growth,  design  flexibility  and 
simple  logistics  in  missile  systems. 

Tne  solution  to  the  first  problem  identified  above,  lies 
in  tne  definition  of  standard,  major /mac r o-i unct i on  computer 
modules  eacn  with  a standard  interface  to  a common 
Interconnecting  bus.  Such  minimal  standardization  would  provide 
the  means  of  changing  tne  performance  of  a given  computer 
configuration  by  interchanging  nexory  modules  with  different 
cycle  times,  central  processing  units  CCPUsI  with  different 
computlnq  features,  and  Input-output  channel  types  to  suit  the 
specific  I/J  situation.  In  order  to  achieve  tne  desired 
performance  and  programming  features  for  a specific  missile 
computing  task.  In  other  words,  to  achieve  a best-fit  of 
computer  hardware  configuration  at  lowest-cost  and  without 
restrictions  on  future  growth  to  accommodate  changing  technology 
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both  in  performance  and  circuit  packing  densities. 

Missile  guidance  and  control  computing  requirements  nave 
been  shown  to  demand  a wide  range  of  computing  throughput  rates 
together  with  memory  capacities#  therefore  a corresponding  range 
of  related  computer  configurations  is  needed  with  tne  modularity 
and  common  interface  characteristics  previously  identified. 

A review  of  state-of-the-art#  special-purpose#  digital 
signal  processors  and  conventional  general-purpose  computer 
architectures  (see  Figure  150  and  Table  69)  has  revealed 
significant  commonalities  in  both  major  functional  components 
(macro-funct  ion  units)  and  organization.  The  only  aajor 
difference  evident  In  processors  performing  high-speed  fast 
Fourier  transforms  (FFTs)  versus  regular  Von  Neumann  type  OP 
computer  designs  is  tne  use  of  a special  arithmetic  module# 
optimized  for  the  rapid  execution  of  the  basic  2-point  complex 
transform,  in  place  of  the  general-purpose  arithmetic  and  logic 
unit.  In  addition  to  signal  processing  commonalities# 
general-purpose  computers  have  reached  a level  of  maturity  over 
tne  past  25  years  resulting  in  certain  established  design 
features  being  commonly  employed  to  Improve  performance  and  aid 
programming.  Tne  recent  advent  of  l arge-sca le- integrated  (LSI) 
circuit  microcomputers  as  high-volume  computer  component  sets  has 
further  complemented  the  standardization  trend. 
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In  tne  light  of  the  above  preliminary  studies  and 
observations,  a family  of  macr o-;nodu la r microcomputers  as  shown 
in  Figure  153,  offers  an  effective  means  of  meeting  the 
processing  requirements  of  all  three  classes  of  A -A  missile,  with 
tne  option  of  configuring  either  single  or  federated  computer 
systems  according  to  the  specific  constraints  of  a given  missile. 

Table  7 3 lists  ten  major  types  of  macro-function  modules 
required  to  support,  the  range  of  microcomputer  configurations 


shown  in  F i gur e 1 S3 


Om«(I  MMrr  turn  ;•*«!'  *4#»*-*|*«*<  4.ili  KlMlffi*  xiflffMM  litnal  » 

0«l#b(  >*tn  Mflirr  «t  MMtr  c*ci*  r«U.  *M  »•* 


7.7 


Soilwate 


In  the  past*  the  accent  has  been  on  the  conservation  of 
memory  space  in  avionics  applications  due  to  size*  Height  and 
power  limitations  and  the  use  of  magnetic-core  or  plated-wire 
memory  systems.  This  in  turn*  emphasized  the  need  for  "tignt" 
code  or  the  hignly  efficient  use  of  program  memory  in  avionics 
computers.  The  compatible  programming  language  for  this  design 
goal  is  symbolic  assembly  language  since  it  achieves  one-to-one 
correspondence  with  the  final  machine/object  code. 

Assembly  languages*  while  efficient  in  the  use  of  memory 
space*  have  the  following  drawbacks: 

1.  Peculiar  to  one  computer. 

2.  Highly  flexible  in  terms  of  programmer-peculiar 
r out ines 

3.  Difficult  to  read  and  spot  errors. 

Difficult  to  re-unde r stand  and  modify  - even  by  the 
original  programmer. 

5.  Difficult  to  impose  and  sustain  modular  and 
structured  programming  techniques. 

6.  All  software  generated  peculiar  to  a specific 
computer  - non  portable* 

7.  As  a result  of  the  above  deficiencies  - costly  to 
ver i fy  and  ma I nta In. 

Due  to  increasing  labor  costs  and  diminishing  computer 
mamory  costs*  the  tatter  as  a result  of  large-scale-integrated 
(LS!)  semiconductor  memory  modules*  the  accent  has  shifted  from 

tight-code  for  avionics  computers  to  the  following  criteria: 
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1.  Common  high-order  programming  language 

2.  Structured  design 

3.  Modularity 

7*7.1  ioiijiax.ft.Cusl 

Total  software  cost  for  a fully  commissioned  computer 
system  is  measured  in  terms  of  average  cost  per  instruction  wnich 
includes:  initial  design;  coding;  verification  of  coded  programs 

and  the  subsequent  updating/maintenance  necessary  to  meet  the 
system  performance  specification. 

A parallel  with  software  development  can  be  found  in 
hardware  except  that  the  former  has  not  reached  the  same  level  of 
maturity  and  f orma I i2at ion  in  design  practices  and  control 
procedures. 

Software  cost  can  therefore  be  defined  and  summarized  as 

foil ows: 

Cost  per  instruction  = 

Qftsiao.cosi-i-Codiott.cosi-i-ifftiiilLaiioB-oosi-i.daiQiftQaoft-.Loai 

No . L Ines  of  Code 

Costs  identifed  are  predominatly  tabor  costs  and  these 
in  turn  depend  upon: 

1*  Firmness  of  requirements 

2.  Proportion  of  new  vs  proven  algorithms 

3*  Size  of  program 


Complexity  of  program 


The  resulting  number  of  lines  of  code  are  attributable 


to: 


1,  No • functions  assigned  to  software 

2 • Level  of  programming  language 

A survey  of  software  costs  experienced  in  the 
development  of  several  recent  tactical  computer  systems  shows 
that  real-time*  operational  software  costs  tyolcally  range  from 
SAD  - $60  per  Instruction*  witn  off-line*  non-operat iona I 
programs  costing  $8  - $30  per  instruction*  depending  on  tne 
proportion  of  new  vs  existing  routines* 

7*7*2  Caai-RaductiiiD-fclaaauiAS 

From  tne  foregoing  observations*  software  cost  can  be 
reduced/minimized  by: 

o Nell  Defined  Requirements 
o Re-cyclable  Program  Modules 
o Small-Medium  Size  Programs  ( 500  - 2K  words) 
o Use  Modular*  Structured  Oeslgn 

o Periorm  Balanced  Hardware/Software  Design  Trade-off 
o Keep  No*  Lines  of  Code  at  Minimum  i*e* 

- Use  Higher-Order  Language 

- Use  machine  architecture  which  minimizes  overhead 


code  < load  and  store) 


7.7.3 


CamoulAL-AL£&ilaalui.&_ttS-iaitiiaLa.£aai 


in  contrast  to  rising  software  costs*  which  are 
predominantly  man-hour  dependent*  computer  semi-conductor 
hardware  costs  are  rapidly  diminishing. 

rfhlle  earlier  mi ni -computer  architectures  were  simple* 
to  minimize  hardware  cost*  such  machines  required  a large  number 
of  overhead  instructions  to  implement  a given  system  function* 
typically  60-70*  of  the  toal  operational  program*  which  in  turn 
resulted  in  a high  software  cost  compared  to  more  efficient 
machine  architectures. 

To  evaluate  the  benefits  of  lower-cost  LSI  computer 
hardware  features  witn  respect  to  software  cost*  established 
architectural  features  have  been  identified  and  their  impact  on 
hardware*  throughput  and  software  (Ref .R. 10)  is  shown  in  Table 
74.  A simple  6-bit*  single-accumulator  computer  was  used  as  a 
reference  with  incremental  improvements  added  and  related  to 
hardware*  software  and  missile  function  execution.  From  this 
assessment  it  can  be  seen  that  computer  instructions  and  hence 
software  cost  are  reduced  in  each  case*  assuming  assembly 
language  cod  kng. 
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7 • 7 • 4 


liatuu._Qid&L_£iagLai&aLia0-Lanaiiaa£s 


In  addition  to  the  s tanda r d l za 1 1 on » control  and 
visibility  afforded  by  higher  order  languages  (HGLs)  for  software 
development  albeit  at  the  expense  of  less  efficient  code * 
{typically  10-20*  reduction  in  throughput  and  a similar  Increase 
in  memory  capacity) * the  use  of  a common  higher  order  language 
(e.g.  DQD-1 ) for  all  military  software  can  improve  cost 
efficiency  in  digital  missile  development.  Both  the  initial 
simulation  of  missile  performance  and  the  generation  of  object 
code  for  the  on-board  missile  computer(s)  can  be  accomplished 
interactively  using  the  same  HDL  program  modules.  Figure  154 
illustrates  a unified  approach  to  missile  software  development 
using  a host  computer  and  associated  cross-compilers  and 
assemblers.  The  customery  approach  is  to  code  in  one  language 
for  missile  performance  simulations  e.g.  FORTRAN*  and  re-code  In 
a different  language  (i.e.  assembly)  for  the  on-board  missile 
computer • 
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MISSILE  PERFORMANCE  (SIMULATIONS) 
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Acc 
ACQS 
A-D 
AU  AC 

Converters 

AFC 

AGC 

A i 

A* 

A-Pd 

* 

APN 
A k 
ARM 
ASIN 
AT  AH 
ARCS 

B3B 

BSE 

Bn 

C 

cco 

CF  AH 

cm 


APPENDIX  A 

LIST  OF  ABBREVIATIONS 

Accel e romete r 
Arc  Cosine 
Analog  to  Digital 

Analog  to  Digital«  Digital  to  Analog 

Automatic  Frequency  Control 

Automatic  Gain  Control 

Airborne  Interceptor 

Amplitude  Modulation 

Active  Pulse  Doppler 

Augmented  Proportional  Navigation 

Active  Radar 

Anti  Radiation  Missile 

Arc  Sine 

Arc  Tangent 

Aircraft  Weapon  Control  System 

Beginning  of  Block 
Borasignt  Error 
Bandwi dtn 

Number  of  Magnitude  Bits 
Cnarge  Coupled  Device 
Constant  False  Alarm  Rate 
Central  Integrated  Test  System 


429 


cm 

Centimeter  IMeter  x 1(T2) 

CPU 

Central  Processor  unit 

Cw 

Continuous  wave 

0 

Miss  Distance 

0-A 

Digital  to  Analog 

OADD 

Double  Precision  Add 

DAIS 

Digital  Avionics  Information 

System 

db 

Dec ibe  1 

d09 

Degree 

DlO 

Delayed  local  Oscillator 

DMA 

Direct  Memory  Access 

OMAIO 

Direct  Memory  Access  Input /Output 

()  UJF 

( ) Degrees  of  Freedom 

DTIME 

Pre-Oeter ml ned  Time 

ECCM 

Electronic  Counter -Counter measures 

ECM 

Electronic  Countermeasures 

F 

Signal  to  Quantization  Noise 

Ratio 

f 

Frequency 

FFT 

Fast  Fourier  Transform 

PM 

Frequency  Modulation 

fps 

Feet  per  Second 

ft 

Feet 

FUJ 

FOV 

F !•  Id  Of  VI«m 

FSR 

Fttdbach  Shift  Rtglstar 
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G 

Ga  1 n 

9 

Acceleration  of  Gravity 

G Hz 

Gigahertz  IHertz  x 109  ) 

GP 

General  Purpose 

HAW 

Horn i h9  All  The  way 

HMPV 

Hardware  Mol  t ipi ier 

HQ  J 

Home  on  Jam 

HQL 

Higher  Order  Language 

hr 

Hou  r 

HWCJ 

Hardwired  Control  Un: t 

Hz 

Hertz 

i 

Address  Pointer 

ic  w 

Interrupted  Carrier  Wave 

10 

Identification 

IF 

Intermediate  Frequency 

lLPJ 

Injection  Locked  Pulse  Doppler 

In 

1 nch 

INT 

Integrator 

1/U 

Input/Output 

1 C 0 

lnpnase  and  Quadrature 

IR 

Inf  rared 

IRCM 

Infrared  Countermeasures 

J 

Analog  Channel  Number 

J/N 

Jammer  to  Noise  Ratio 

kbt  tS 

Kilobits  (Bits  x I03> 
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Kit  KMofeet  (Feet  x 103  » 

3 

K9  Kil ograa  (Gran  x 10  ) 

3 

KHz  Kilrhertz  (Hertz  x 10  ) 

3 

ka  Kil one  ter  (Meter  x 10  ) 

Kops  Thousand  Operations  Per  Second 


lb 

LET 

LJM 

LO 

LOS 

LRJ 

LSB 


Pound 

Leading  Edge  Track 
Limiter 

Loca I Osc i I la  tor 
Line  of  Sight 
Line  Replaceable  Unit 
Least  Signif leant  Bit 


a 

MACH 

NC 

MCI 

MHZ 

MLC 

mm 

MOpi 

aps 

MR 

msec 


Meter 

Mach  Nunber 
M I d -Course 

Major  Computing  Interval 
Megahertz  (Hertz  x ic£  ) 

Ma I nl obe  C lutter 
Ml  I Master  (Meter  x 10  3 ) 
Million  Operations  Per  Second 
Meters  Per  Second 
Milllradian  (Radian  x TO*3 I 
Millisecond  (Second  x 10~3) 


n Acceleration 

MA  Not  Appl i cable 

nal  Nautical  Mile 
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N-M0S 

P 

PCI 

PLU 

PO 

P3i 

PO  I u 

PtA 

PN 

PRC 

PRF 

PROM 

P/Y 

a 

R 

RAL  J 

RAM 

AOt 

RF 

RFI 

R 1 0 

RMS 

*UM 

rps 

S C A 


N-Channel  Metal  Oxide  Semi conduc to* 

Pr  obab 1 1 1 ty 
Pulse  Code  Modulation 
programed  Control  Unit 
Pulse  Doppler 

Post  Detection  Integration 
Parallel  Digital  Input/Output 
Programmable  Logic  Array 
Proportional  Navigation 
Pseudo-Random  Coded 
Pulse  Repetition  Frequency 
Programmable  Read  Only  Memory 
P i tch/Yaw 

Quadrature 

Range 

Register  Arithmetic  l Logit  Unit 

Random  access  Memory 

Range  Desensitized  Lam 

Radio  Frequency 

Radio  Frequency  Interference 

Rate  Integrating  Cyro 

Root  Mean  Square 

Read  Only  Memory 

Radians  Per  Second 

Saf  ing  and  Arming 
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ma 


SA-CK 

SA-PD 

SAA 

SCL 

SCR 

SOU 

sec 

S/rt 

USL 

SNR 

SORT 

TOO 

TEA* 

TUi 

TO  A 

T y 1 

TV 

TVC 


Sea l-Ac  ti ¥•  CM 
Seal-Active  Pulse  Ooppler 
Semi-Active  Radar 
Steering  Command  Loop 
Signal  to  Clutter  Ratio 
Serial  Digital  Input/Output 
Sec  ond 

Sample  and  Hold 
OState  Law 

S kgna I to  Nol ae  Ratio 
Square  Root 

Target  Detection  Device 
Terminal 

Target  identification  Acquisition  System 

Time  of  Arrival 

Track  Quality  Indicator 

Television 

Tnrust  Vector  Control 


v 


Ve loci ty 
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APPENOIX  6 


Bi  iHUQCLULIimL 

A functional  flow  dlagran  illustrating  burst  aaplitude 
weighting  is  shown  in  Figure  Bl  below.  Burst  anptltude  weighting 
Is  shown  applied  to  a signal  which  has  been  observed  over  a 

liaited  tine  duration  (i.e.  T ) in  order  to  reduce  the  resulting 

B 

frequency  spectrum  sidelobes. 


COLLECT IOH  WEIGHTING 


Figure  8“X  Burst  Amplitude  weighting  - Functional  FIom  Diagram 
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B2  UltttEl&HI£a_Sl&UAL-lE£Ll&UU 


Consider  the  signal  of  Interest*  5 I t I » to  be  a sinusoid 

ip 


observed  for  a time  duration*  T^.  This  is  represented  as  the 


product  of  the  input  signal,  S ( t ) * and  a rectangular  pulse* 


M ( t ) • The  spectrum  of  S„Q(t)  is  determined  as  follows; 
i ip 


S I3I  t ) * Sx(t)  * Hit) 


taking  the  Fourier  transform  of  both  sides 


S to)  = S J u)  * M ( u) 
IP  I i 


where  (-)  denotes  convolution 


for 


5 TC  t)  = A cos  Aw  t 
I D 


$ ( w)  = L 6(  w - Aw  ) ♦ A 6(  w ♦ Aw  ) 
1 2 D 2 D 


where 


for 


fl  w * 

5(  w ) * | 0 w 4 

n-) 


0 

*0 


M ( (t)  * RECT^ 


M |ti  I « T fi  Sine 
1 6 2 


where  Sine  < x ) * £ioX 

X 


performing  the  convolution  we  obtain* 


s t(4  I W I « S I nc 
16  2 


£(  w - Au^)  j£j 


♦ *13  Sine 
2 


[ 


(w  ♦ Awd)IU 


■3 


436 


( 

«** 


j 


The  spectrum  of  the  unwe 1 ghted/t ime- 1 1 mi  ted  signal* 

5 A u>  )*  is  shown  in  Figure  82A.  Note  that  the  width  of  the 
ip 

spectrum  mainlobe  varies  inversely  with  the  burst  duration 

(observation  time/dwell  time)*  T Q • Only  In  the  case  of  an 

P 

infinitely  long  observation  time  does  the  spectrum  approach  the 
two  impulse  situation  corresponding  to  the  Fourier  transform  of 
cos  ( Aw  t ) . 


Spectrum  of  Unweighted/Time-Limited  Signal 


S0M 

COMPOSITE  Signal  S0Cw)  j 


[V 


B3 


*Ei&ttlED^l£UAL-,S£££I&UM 


Burst  amplitude  weighting  is  applied  symmetrically  over 

the  observation  interval  of  the  signal  of  interest*  The 

resultant  weighted  signal  spectrum,  $ I w )»  is  determined  as 

o 

foil ows: 


S#  ft)  * S I0C  t ) . M 
Let  M 2 < t ) s a ♦ ( l-a)  cos 


It  I i -S 
2 


Where,  a = 0*5  for  cos2  weighting 


The  restriction  on  the  absolute  value  of  t for  H2  (t) 
can  be  removed  by  rewriting  M (t)  as: 

♦ ll-a)  cos/iJLI. 

\t3 

rewriting  $#  I t)  in  terms  of  the  input  signal: 


S#  (t)  « Sj  (t) 
« Sj  It) 


Since  the  two  RECT  functions  are  defined  over  the  same 
interval,  only  one  is  necessary,  i.e*: 


S It)  = ST  It) 


RECT 


a ♦ 


taking  the  Fourier  transform  of  both  sides 
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Me  see  that  the  effect  of  the  weighting  is  to  produce  a 

convolution  of  the  burst  time  limited  signal  spectrum*  S « ) » 

2ir 

with  three  impulses  that  are  separated  by  u>  ■ sr  which 

T& 

corresponds  to  the  spacing  of  the  first  null  of  the  sine 
function.  Performing  the  indicated  convolution  we  obtain: 


5 ^ ( u)  * Slncj”(  u - AUjj  llsj*  JicSlATg  Sine 

j(  to  - Au.d>5§+  ^ | nc  ^ 


( (d  - Awd 


H 

( (•>  ♦ Aud»  Pj 

♦ JlzSlAT^  Sinc|(u  ♦AwD)JS_^f  Jl^alAT^  Sine  ♦ AwD)  + * *J 


♦ JirSlAT  Sine 
2 B 


The  resultant  weighted  spectrum  and  the  convolution  to  accomplish 
it  is  shown  In  Figure  &-2B*  Note*  that  the  situation  corresponds 
to  the  case  for  a * 0.5  which  is  the  so  called  cosine-squared 
weighting.  Note  also*  that  for  this  weighting  that  the  spectrum 
mainlobe  is  broadened  by  a factor  of  1.6  (3  db  bandwidth). 
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APPENDIX  C 

UTILITY  SUBROUTINE  REQUIREMENTS  AND  DEFINITION 

Utility  subroutines  in  the  computer  software  are 
defined  as  those  routines  which  provide  basic  mathematical 
functions.  They  are  used  to  support  a variety  of  missile 
functional  algorithms  and  are  called  as  frequently  as 
necessary  to  satisfy  functional  computations.  Those 
necessary  for  an  on  board  missile  computer  are  listed  in 
Table  C-l  with  associated  instruction  type  and  memory 
requirements.  For  this  tabulation*  the  equivalent  adds  are 
based  on  a ratio  of  eight  multiplies  to  one  add  and  a 30* 
overhead  burden  was  assumed.  As  shown*  tha  subroutines  have 
modest  requirements  and  do  not  by  themselves  dictate 
computer  sizing. 

Some  of  the  routines  such  as  the  digital  filters 
provide  a level  of  flexibility  which  is  attractive  in  a 
small  computer,  the  algorithms  used  to  provide  a four  pole 
filter*  for  example*  can  be  used  to  implement  a transfer 
function  which  is  a fourtn  order  lag  or  a lead/lag  filter 
with  any  order  numerator  up  to  four.  Tne  only  difference 
from  one  transfer  function  to  another  are  tne  values  of  tne 
constant  coefficients  input  to  the  software  routine. 
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The  algorithms  used  to  define  utility  requirements 
are  as  shown  in  Table  C-2.  All  the  trignometric  functions 
are  tased  on  series  expansions  and  a four  term  expansion  is 
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considered  adequate  for  most  applications.  The  table 
Iooh-up  routines  only  become  significant  when  functions  of 
three  variables  are  required  and  tnis  has  been  assumed 
necessary  for  a Class  111  missile  only. 

Table  C-3  defines  the  mix  of  standard  routines 
assumed  for  computer  sizing  for  each  missile  class.  A 
minimum  of  375  words  of  program  memory  is  reqjlred  with  a 
corresponding  minimum  of  141  words  of  data  memory.  The 
maximum  requirement  results  In  489  words  and  177  words 
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TABLE  C-3 


UTILITY  SUBROUTINES  VERSUS  MISSILE  CLASS 
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I ABLE:  C-3 


UTILITY  SUBRUUT 1 N t $ VERSUS  MISSILE  CLASS 
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TJTal  Program  Memory  (words) 
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Data  Memory  (words) 
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LrUEVu:  x Jenotes  use  of  utility  routine 
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